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PREFACE

Thermal nondestructive testing is a technique for obtaining
surface temperature profiles on a structure and subsequently relating
this information to some imperfection within the structure. When
structure with no inherent heat source is heated externally, a flaw
in the structure will generally alter the heat flow because of differ-
ences in heat transfer properties. When the flow pattern is sufficiently
altered, significant variations in surface temperature profiles can be
detected.

This two-part report details research sponsored by the Sea Grant
Program at MIT to investigate cholesteric liquid crystals as the thermal
medium for identifying fiberglass flaws. Increasingly fiberglass, a
composite material, is replacing wood, steel and aluminum in beat
manufacture and an easy to use, inexpensive, but effective testing
method to detect manufacturing defects or accident damage.

Part 1 describes a one-dimensional heat transfer model through
a laminate with various kinds of interlaminar flaws. The effects of
flaw thickness, depths, and heat flow characteristics have been plotted
for a range of variables that model most practical situationms.

Part II of the report focuses on studies of a fiberglass laminate
containing simulated flaws or orthogonal to the surface. Various plots

on the sensitivity and effectiveness of liquid crystal thermal testing

are put forth.



PART I

NONDESTRUCTION DETECTION OF DELAMINATIONS AND

INCLUSIONS IN FIBERGLASS LAMINATES USING LIQUID CRYSTALS

S. Hossein Mansouri
James H. Williams, Jr.

Samscn S5. Lee



. ABSTRACT

Based upon this investigation, thermal testing with cholesteric
1iquid crystals provides a simple nondestructive evaluation
technique for the detection of interlaminar flaws in fiberglass
composite laminates. Virtually no training is required in order
to recognize the presence of a flaw. Also, no complex electronic
equipment is needed to record the data as any ordinary camera can
be used to produce a permanent visual record of the results.

A one-dimensional model of the heat conduction through a laminate,
containing an interlaminar flaw, with natural convection on both
faces has been devised. An analytical solution of the surface
temperatures above the flawed and unflawed regions of the laminate
has been developed. Nondimensional groups have been identified
which make it possible to define "optimal, "acceptable”, "moder-
ately acceptable”, and "limiting" testing conditions in relation

to the parameters of the flaw and the laminate being inspected.
Comparisons between experiments and theory clearly show that inter-
laminar flaws can be distinctively seen under "optimal”, “"acceptable",
or "moderately acceptable' testing conditions.

In general, the testing conditions may be chosen by satisfying the
theoretical performance indices corresponding to either "optimal"',
"acceptable", or "moderately acceptable" conditions. In order to
facilitate the conduct of future experiments, sets of data have
been generated for most practical situations.
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CBAPIER I

INTRODUCTION

1.1 BACKGROUND

Thermal tescing 1is baséd on the.detec:ion of surfaée temperature
gradients induced by variations-in the properties of a test object which
alter the object's normal heat flow patterm. For example, when thermal
energy is applied or extracted uniformly on the surface of a uniform
test matrerial, the appearance of an uneven temperaturé pattern may be
related to variations in the material properties or the integrity of the
test material. Detection of an irregular temperature pattern containing
a hot point is a major aspect of thermal testing techniques. In addition,
many tests require simultaneous detection of rapidly'changing temperature
at a large number of points. This can be done with the infrared imaging
technique or, more simply, by applying a thermally sensitive coating to
the test surface and observing changes in the coating. In dynamic testing
the latter approach has the advantage that rhe thermal patterns on the
test material can be observed directly.

Recently, liquid crystals have been introduced into thermal testing.
Liguid erystals are inexpensive temperature-indicating coatings that change
color in response to changes in temperature. Thin films of these liquids
can thus be used to depict isotherms as vivid color bands.

Temperature-sensitive cholesteric liquid crystals are the most widely

-13-



ased liquid crystals to date. In the presence of white ligﬁt, cholesteric
1diquid érystals selectively reflect onme wavelength of light at each angle
of reflection, and the reflected beam is circularly polarized. The re-
flected color is an accurate index of temperature, and temperature measure-
- ments are possible to within 0.1°C. Ligquid crystals are colorless except
in their color-play range. For example, a liquid crystal with a color-
play range of 30°C to 31°C may appear dark red at 30°C; as the tempera-
ture rises to 31°C its color will suécessively pass through yellow,‘green,
blue, and finally violet. By proper mixing of liquid crystals, the color-
play range can be made as narrow as 1°C and as wide as 30°C within an
overall range of -20°C to 250°C. Many of the cholesteric compounds and
mixtures reflect light at different wavelengths only upon cooling through
the color-play range, while others display the colors while passing through
the color-play range during either heating or coaling. The responée time

is about 0.1 sec.

_ Thus liquid crystals have the ability teo reflect colors dependent
upon the temperature of their environment. They may be used to project

a color picture of transient temperature anomalies or minute thermal gra-
dients associated with material discontimuities. These discontinuities,
which may be voids, delaminations, or other defects, may sufficiently im-
pede a flow of heat to disturb the normal temperature patterns of a mate-

rial being tested. Because of their different heat transfer characteris-

tics, defects will then show up as distinct color patterns.

-12-



1.2 PURPOSES OF RESEARCH

The purposes of this investigation are (1) to examine the feasibility

of using cholesteric liquid crystals for the detection of interlaminar

defects in fiber reinforced laminates, and (2) to establish the require-

ments for determining the testing conditions and for cheosing a liquid erys-

tal system to define the quantitative features of a delamination flaw in

fiber reinfofced laminates.

The primary emphasis throughout this investigation will be on the

quantitative determination of the effectivenéss of cholesteric liquid

crystals for the nondestructive evaluation of fiberglass reinforced lami-

nates.

-]l3-



CHAPTER II

LITERATURE REVIEW OF THERMAL TESTING WITH LIQUID CRYSTALS

2.1 INTRODUCTICH

in the comprehensive sense, thermal testing comprises all test methods
which depend upon heat sensors. These techniques fall into two categories:
(1) direct contact techniques, in which a thermally semsitive device or
material is placed in physical and thermal contact with the specimen under
-examination, and (2) noncontact techniques, which depend upon thermally
generated electromagnetic energy radiated from the test specimen [1].

(See Fig. 1.) At moderate temperatures,'such enérgy is predominantly
4nfrared; hence, infrared testing is the most important branch of noncon-
tact thermal testing.

The present feasibility of thermography for nondestructive evaluation
depends on advances in the precision of infrared radiometers and on improved
contact thermographic coatings. Advances in radiometry have been paced
principally by the introduction and improvement of solid-state infrared
detectors, cryogenically cooled to reduce self-generated noise. Contact
thermography has been revitalized by the introduction of liquid crystals
and other thermochromic compounds for indicating small thermal gradients
in'convenient temperature ranges. ‘

Infrared radiometers are presently being used for most thermal non-

destructive testing studies because of the ability of these instruments

=14=
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to measure, without surface contact, small, rapidly changing surface tem-
peratures associlated with material discontinuities. Most of these radio-
metric measurements have been made by monitoring a single point or line

on the object being tested. This means that for full coverage of a sub-
stantial area, a scanning system must be devised which will systematically
move the radiometer focal spot over the test object. These systems usu-
ally become complex, expensive, and difficult to use on irregularly shaped
components [2]. |

In many cases, simultaneocus detection of rapidly changing ;emperatures
at a large number of points is required. This can be done with infrared
imaging equipment or, more simply, by applying a thermaliy sensitive coat-
ing to the test surface and observing changes in the coating. The latter
approach has some advantages, particularly in dynamic testing, since the
thermal pattern can be cbserved directly, thus making it possible to de-
termine if heat is injected too slowly or too rapidly, or whether heat 1s
generated during mechanical or electrical tests [3].

Cholesteric 1liquid crystals can be used in contact thermography to
visualize, directly on the surface under study, many of the transient tem-
perature anomalies assoclated with material discontinuities [4]. The ther-
mal sensitivity of cholesteric liquid erystals is such that it should be
possible to employ these materials in many thermal tests formerly requiring
thé use of radiometers [5). Liquid crystals are relatively inexpensive
chemicals which may be reuéed if applied and removed from the test’ surface

properly {1,6]. Further, no sophisticated electronic instrumentation is

=16~



needed to monitor the results.

2.2 LITERATURE REVIEW

2.2.1 Testing Metal to Metal Adhesive Bonds with Liquid Crystals

One of the first tests in which liquid crystals were used was the

visualization of voids in adhesively bonded aluminum stiffener panels [4,7].

2.2.2 Inspection of Adhesively Bonded Structures with Liquid Crystals

The first use of liquid crystsls for the contact thermography of
bonded structures for aircraft was reported by Cohén [8]. A total of
290 square feet of bonded honeycomb and laminated metallic and nommetallice
structural panels were tested in an analysis of technique capability.
Test specimens with built-in flaws were fabricated by NASA and represented
59 variations of materials and comstruction types used in aerospace Struc-
tural composites. Cohen's report concluded that thermographic testing of
bonded structures with 1iquid crystals is entirely feasible and could
offer advantages over other thermographic testing techniques. The conclu-
sion was also reached that the use of liquid crystals for testing and re-
cording results is far less expensive than infrared systems.

Woodmansee successfully tested several honeycomb composite structures
[3,4] using Teflon patches of 1 in. by 1 in., 1, in. by !4 in., and Y, in.

by IA in. to simulate voids in a panel with a 0.012 in. aluminum skin and

-17-



an aluminum honeycomb core. _The larger two patches were detected while
the Y in. by Y in. patch was not detected. Ampother test panel of 0.020
4n. titanium with High Temperature Phenolic (HRP) honeycomb core was pre=
pared by cutting out areﬁs of adhesive between the skin and.the core.
The sizes of the areas that were cut out were 1 ip. by 1 in., Y in. by
Y, in., ard ¥, in. by Y, in. All of these simulated voids were detectable.
Brown [9,10], used liquid crystals for finding voids in aluminum
honeycomb composites with simulated debond areas. She simulated ﬁoids
in three ways: Teflon inserts, crushed core, and cured adhesive. Teflon
4nserts were the most difficult to observe, wﬁile crushed core was sharply
defined. Aluminum honeycomb composites with up to 0.190 in. skins were
tested successfully. The minimum detectable defect was Ysin. by Yig 1n.
for 0.060 in. skins and 1 in. by 1 in. for 0.190 in. skins. Types of
structures tested with equal success were aluminum skins with HRF honey-~
comb core, glass cloth skins with glass fiber honeycomb core, titanium
skins with aluminum honeycomb core, titanium skins with HRP core, and
glass cloth laminates. The best results were obtained by heating the
back side of the test panel and cooling the side being observed.
Southworth and Woodmansee [7,11] tested adhesively bonded composites
with titanium skins and either titanium honeycomb core or HRP honeycomb
core. Voids were simulated by removing the'adhesive in areas of 1 in.
'by.l in., % in. by % in., and Y in. by Y. in. The skin thickness varied
from 0.010 to 0.020 in. Detection depended upon the thickness of the

metal between the surface painted with liquid crystal and the bondline

-18-



being tested. The thicker the metal, the more lateral heat transfer and
g0 the fewer the flaws which could be detected. In other words, the thinner

the skin, the smaller the void which co'uld be detected.

2.2.3 Crack Detection and Leak Detection with Liquid Crystals

Cholesteric liquid crystals have been used for leak and crack detec~
tion [3,4,7]. For crack detection on a titanium marine propeller, for
example, the detail of definition of the crack with the liquid crystal

was comparable to that seen with a visible penetrant [3].



CHAPTER III

LITERATURE REVIEW OF LIQUID CRYSTALS

3,1 INTRODUCTION

The 1liquid crystalline or mesomorphic state 1s an intermediate state
between solid and liquid. The molecules of a liquid crystal possess an
order greater than.that of a random liquid and less than that of a crys-
talline solid. These substances are named “1iquid crystals” becausé they
exhibit the optical properties of a crystal while possessing the fluid
properties of a 1iquid. Liquid crystals may be visuélized as multiple
layers of two-dimensional crystals (which accounts for the optical proper-
ties) in which the layers are allowed to slide over oﬁe another (which
accounts for the fluid properties).

Liquid crystals are by no means rare. It is estimated that one out
of every 200 organic compounds is subject ko 1iquid crystalline behavior.
Most substances have only ome solid-liquid transition ;emperature. Liquid
crystals, on the other hand, have a solid-liquid transition temperature
range. (See figs. 2 and 3.) Generally, liquid crystal substances are
colorless on either side of the liquid crystal state, while in the liquid
crystal state they resemble a highly viscous turbid fluid.

| There are two main classes of liquid erystals -- lyotropic and ther-
motropic. Lyotropic 1iquid crystals are formed when certain compounds

are treated with a controlled amount of water or other polar sclvent. A

-20-
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PHASE CHANGES of cholesteryl nonanoate illustrate

liquid erystal phase relationships. All liquid-
crystal phenomena occur in the mesophase between
that of a crystalline solid and an isotropic, or

ordinary, liquid. When cholesteryl nonanoate cCrys-
tals are heated, they melt at 77°C and are choles-
teric to 92°C, where they become isotropic. Cool-

ing the liquid at any time after it reaches 77°C
causes it to pass through its color-play region,

77 to 74.6°C, and into the smectie phase. Finally,

at 66°C it begins recrystallizing. [24]
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true solution is not formed, but additional solvent converts it tc a true
solution. Moét soaps and deﬁergents will form lyotropic liquid crystals
when treated with the proper amount of water,

Thermotropic liquid crystalé are formed by heating the crystal lattice
above the temperature at which it is stable. There are two subclasses
in this group. Enantiotropic types cam be formed by heating the crystal-
line solid or by cooling the isotropic liquid to the liquid crystal tem—
perature range. Thé thermal energy in the liquid crystal state 1s adequate
to cause a partial breakdown of the ordered crystal; however, enough resi-
dual attraction between molecules remains to give a semi-ordered state.
The second subclass, monotropic, can only be formed by superccoling the

liquid phase. Most of the liquid crystals presently used are of the ther-

motropic type.

3.1.1 Historical Background

Liquid crystal behavior was first observed in 1888 by the Austrian
botanist Friedrich Reinitzer [12], who noted that the compound "cholesteryl
benzoate” appeared to have two distinct melting points. At 145°C the
solid turned to a cloudy liquid and at 179°C the liquid became clear.
Shortly thereafter the German physicist Lehmann {13] showed that the cloudy
intermediate phase contained areas that seemed to have a crystal-like
molecular structure. He suggested the name "liquid crystal" for this

phase. In 1922, liquid crystals were classified by Friedel [13] as smectic,

nematic, and cholesteric.
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3.1.2 Liquid Crystal Structure

Thermotropic liquid crystals may be divided into two classes. One
of these is the nematic liquid crystals, which have spontanecus orienta-
tion of their molecules with their long axes parallel (Fig. 4a). There
1s no long-range order in the spatiai arrangement of molecules in nematic
liénid crystals. Cholesteric 1iqui§ crystals are now recognized as a
-special case of nematic liquid crystals (Fig. 4b). Their molecules have
an orientation order similar to that of nematic liquid crystals, but su-
perimposed on their parallel orientation 1s a spontaneous and continmous
twist. The second class of thermotropic liquid crystals is the smectic
l1iquid crystals. In smectic liquid crystals of type A, the centers of -
gravity of the molecules are arranged in planes perpendicular to the pre-
ferred direction of the leng axes of the molecules (Fig. 4c) and therefore
perpendicular to the optical axis. There is nﬁ gpatial long~range order

of the molecules in the planes.

3.1.3 Cholesteric Liquid Crystal Structure

The molecular layers in a cholesteric substance are very thin (~3R)
with the long axes of the molecules parallel to the plane of the layers.
The individual molecules are essentially flat, with a side chain of methyl
grﬁups (CHB) projecting upward from the plane of each molecule. (Refer
to Fig. 5.) This unusual configuration causes the direction of the long

axes of the molecules in each layer to be displaced slightly from the

-23-



gIXe M2108 PIOJ-2ITUFIU]
[($T] @2an1dnaIs IFIDAWS PIIETA] UL

juswdBueiie ie[ndajow jo wexdeTp OFILWAYDIS q pEnbIl opa0IsaToYd pajuaTio ATuiogpun uf

Juonpfuelrie ap[noatou Jo weileyp DTIEWSYDS g
3IN}onals JFIvLws palITrI Ul

juswafuviiv 1vTnoaTow Jo weadeyp Oofjewayss *d syxe A1jsumds proz-23ju

—JJuf S®Y 3IN3IONIIE PIIUITIO ATwioIFuq
87xe £13oumis pLOF-9ITUFIUIL

pInbyIT 93jeuwau pajuatio Ajwiojyun uUf
PFRbIT 27309ws Jo weilefp Oofjewdydg ‘) quswaueaie ipinosjow JOo weadwIp IFIBWIYIS Y 'Yy 374
g

(TINLOMILS DTWALSATIOND)
TIOLOMILS OLIDAKWS ALTIL  FANLONULS DILVHAN TILSIMY

/11171111 ______...___ |

s
[ 1111717/ _____..."__
/111111171 [0 1

a

3

FUALOOULS OILOINS CALSIML 0 V.
V7770 PP D4 V 39NIONYLS OILOINS TANLONULS DLLVWAN

. 110217777771

NN . IR _ _

VALY _ _ NN
WM _ _ _ 1 | | | | |
WL AR AN _

LT ) N | _ __ |
11071071110 111 TR AR

Vil

-24-



CH, CH, CH cla 3
\\ 7 \\ ,/ \\ /7
“ca”’ CHZ c
Co
H H i 1
1,78 cH,

B—C | C—H
E ® I I l
- o> . il
3N '
| t B H
B—C ; CLH

Fig. 5. The structural formula of cholesteryl. Molecule
of cholesteryl is essentially flat with a side chain
of methyl (CH3) groups projecting upward from the

plane of the molecule. Although cholesteryl by
itself does not exhibit a liquid crystal phase, many
compounds that contain cholesteryl do: compounds
in this category are called cholesteric [16].
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corresponding direction in adjacent layers. This displacement, which
averages about 15 minutes or arc per layer, 1s cumulative through succes-
sive layers, so that the overall displacement traces out a helical path.
(See Fig. 6.) The pitch of the helical path is usually temperature-de-
pendent, and the temperature dependence may be pdsitive or negative.

The twist in the cholesteric molecular structure can be obéerved in the
optical characteristics of homogeneously ordered layers. .

Some of these 6ptica1 observations are as follows: (a) Over a smail
wavelength range — about lnf-pn, where p is the pitch of rgtation and n
is the average refractive index —- irradiatién of the sample pafallel to
the axis of rotation shows that one cireularly polarized beam is trans-
mirted while the other is totally reflected. (b) Outside this small wave-
length range, irradiation parallel to the axis of totation gives a strong
optical rotatory power. If the wavelength XR lies in the visible region,
the total reflection gives rise to bright colors. Since.the pitch of the
helical structure is strongly temperature-dependent, the color observed

may also provide a temperature identification [14].

3.2 OPTICAL PROPERTIES OF CHOLESTERIC LIQUID CRYSTALS

The unique molecular structure of cholesteric liquid crystals gives

rise to a number of interesting optical properties which are summarized

in the next few paragraphs.

The cholesteric structure is uniaxial and optically negative while
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Fig. 6.

Cholesteric liquid crystals resemble smectic 1i-
quid erystals in that the molecules are arranged
in layers; within each layer, however, the para-
1llel aligmment of molecules is more reminiscent
of the nematic phase. The molecular layers are
very thin, with the long axes of the molecules
parallel to the plane of the layers. Because of
the peculiar shape of the cholesteryl molecules,
the direction of the long axes of the molecules
in each layer is displaced slightly from the cor-
responding direction im the adjacent layers; the
overall displacement traces out a helical path.
Roughly every 300th layer is depicted [23].
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reflected

incidcent
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Fig. 7.

CIRCULAR DICHROISM is a typically crystalline op-
tical property exhibited by cholesteric liquid
crystals. When unpolarized light is directed at
at cholesteric substance, the light is broken into
two components, one with the electric vector ro-
tating clockwise and the other with. the electric
vector rotating counterclockwise; one of these
components is transmitted and the other is re-
flected [13].
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ineident

‘Fig. 8.

BIREFRINGENCE, or double refraction, 1s an optical
phenomenon characteristic of solid crystals and
most liquid crystal substances. When a beam of
unpolarized light encounters a birefringent sub-
stance (left), it is split into two polarized
compounds whose transverse vibrations are at right
angles to each other. The two components are re-
fracted at different angles through the substance
and emerge as parallel beams of polarized light
(right) {13].
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other liquid crystal structures are optically positive. “In an optically
positive liquid crystai, the velocity of light transmitted perpendicular
to the léyers {s less than that transmitted parallel to the layers, but
in an optically negative liquid crystal, light propagated perpendicular
to the molecular layer has a maximum velocity. Thus, for the cholesteric
phase, there is a single optical axis normal to the surface, along which
the index of refraction is a minimum.

The cholesteric structure is optically active, rotating the plane
of polarization through an angle proportional to the thickness of the
transmitting material, with rotatery powers many times that of common
optically active materials. The plane of linearly polarized light is
rotated through an angle several hundred times that of familiar optically
active materials such as sucrose or optically active quartz.

When illuminated with white light, the cholesteric structure scatters
the light to give an iridescent color which varies with substance tempera-
ture and angle of incident beam.

The cholesteric structure is circularly dichroic for some wavelength
regions; that is, one circularly polarized component of the incident beam
{s transmitted without attenuation, whereas the other is scattered [13].
(See Fig. 7.) Either the right- or the left-hand circular polarized com=
ponent may be affected.

| Another optical property shared by solid crystals and most liquid
crystal substances is birefringence, or double refraction [13]. (See

Fig. 8.) When a beam of unpolarized light encounters a birefringent sub-
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stance, it 1s split into two polarized components whose transverse vibra-
tions are at right angles to each other. The two components are refracted
at different angles through the substance and emerge as parallel beams

of polarized light.

3.2.1 Temperature-Color Relationships

TUoder white light illumination, thin films of cholesteric liquid crys-
tals placed on a black background and heated will passithrOugh the color
spectrum, or a portiom of it. Within specific temperature ranges, the
color transformations are repeatable éud occur at predictable temberatures.
The colors reflected from chqlesteric liquid crystal films are considered
to be caused by Bragg diffract;on from molecular layers whose orientation
axes are aligned within the film. Layer aligmment occurs once every com-
plete revolution of the helix.

Thermal energy disturbs the weak bonding forces between the molecular
layers in a cholesteric film. Temperature variations increase or decrease
the angle of rotation between layers, changing the helical pitch, or dis-
tance between aligned Bragg diffraction layers. According to Bragg's law
[15], comstructive intgrference will occur in the diffracted beam from
a crystal when the path difference for rays from adjacent planes is an
integral multiple of a specific wavelength as showm in Fig. 9, or when

2dsin® = nd ,

where

=31~



= molecular alignment-layer spacing

= Bragg angle

=90,1, 2, 3, ...

= reflected wavelength due to reinforcement.

> o

If the Bragg angle -- that is, the angle of incidence and reflection,
8 — 4s held constant, the wavelength receiving maximum reinforcement is
entirely dependent upon-the layer spacing d. Because Bragg diffraction
Jlayer spacing in the cholesteric phase is dependent on temperature, there
4s a fixed relationship between temperature and the wavelength of light

reflected from a cholesteric liquid crystal film.

3.2.2 Angle-Color Relationships

The wavelength of maximum scattering in a cholesteric liquid crystal
is affected by the angle from which it is illuminated and the angle from
which it {s observed. At any temperature, the wavelength of maximum scat-
tering depends on the angle of incidence and the angle of scattering.
Scattering in cholesteric materials behaves as if it were coming from a
aumber of regularly spaced or ordered planes existing in a medium having
a refractive index of about 1.5. For a given angle of incidence and obser-
vation, maximum reflection will occur in those regions whose molecular
layers are at the Bragg angle 6 with respect to the incident light. (See
Fig. 10.)

| The wavelength of maximum reflection as a function of angle for a

constant temperature is given by [16]
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_ Fig. 9. Bragg Diffraction in a Crystalline Solid [15].
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Fig., 10. Bragg Diffraction in a cholesteric
film [16].

=33~



-—1 n =1
A= ln cos 1/? {sin (-1-1-;- sin ei) + sin (nl, sin Bo)]
= )X 8ind ,
o §

where

wavelength of maximum reflectiom

wavelength of maximum reflectionm for normal incidence and
observation .

index of refraction of the surrounding medium

index of refraction of the liquid crystal

angle of incidence

bl
]

o

n
nl
ei
Go = angle of observation
]

= Bragg angle.

Figs. 11 and 12 show the dominant wavelength of the reflected light as

a function of viewing angle for a material at a constant temperature.

3.3 LIQUID CRYSTAL SYSTEMS

By mixing two liquid crystals, bleﬁds are obtained with color responses
intermediate between those of the initial materials, the properties ob-
tained being governed by phase rule considerations [17]. (See Fig. 13.)

The temperature at which the colors appear depends upon the melting point
of the liquid crystal, Mixtures of cholesteric compounds exhibit color
sensitivities over ranges as small as 0.1°C or as large as 30°C.

One of the most frequently u;ed systems in nondestructive testing
apﬁears to be the mixture of oleyl cholesteryl carbonate and cholesteryl
nonanoate; this system has the advantage ot not crystallizing for a long

period of time {16]. The color-play range of this system increases in
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Viewing Angle 6
- o 8

Fig. 11. A polar plot of scattering as a function of angle.
The triangles represent the color which raflected
when the angle of incidence is equal to the angle
of scattering. The squares represent the wave-
length of maximum scattering when the sample 1s
ij1luminated at normal incidence and the scattering

angle is changed [16].

Viewing Angle 8

Fig. 12. The color of cholesteric liquids as :
a function of viewing angle for three
fixed angles of illumination [16].
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Fig. 13. Cholesteric liquid crystal ranges
obtained on mixing cholesteryl non-
anoate with cholesteryl myristate.
(Refer to Figs. 2 and 3,) [17]



a monotonic manner when the fraction of cholesteryl nonancate in the sys-
tem is increased. (See Fig. 14.) Problems that occur in this system are
primarily with the purity of the oleyl cholesteryl carbonate and with the
oxidation of the material.

Other common systems are the various mixtures of cholesteryl pelargo-
nate and cholesteryl butyrate, Pure cholesteryl pelargonate has.a color-
play range of 15°C. When 5 percent cholesteryl butyrate is added, the
color-play range of the system becomes 1°C. (See Fig. 15.) Also, chole-
steryl butyrate shows a decrease in color-play range when mixed with 5
percent cholesteryl pelargonate [9]. The present state of the art in
preparing compositions for specific uses is such that liquid crystals can

be formulated to produce colors up to 150°C with color ranges of 1°C to

30°C or more.

3.3.1 Available Types of Liquid Crystals

There are three types of temperature-semsitive liquid crystals avail-
able: pure compounds, premixed formulations for specific ranges, and en-
capsulated formulations for specific ranges in protective coatings. Some
of these are "memory"” temperature cholesterics which undergo nonreversible
(with respect to temperature) transformations. These materials remain
solid colors at temperatures below their trigger temperatures; at the
trigger temperature the coatings become transparent. The color will not
reappear on cooling through the trigger temperature unless the ccating

is reoriented by brushing.
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3.3.2 Factors Affecting Hesponse

Liquid crystal response can be affected by a variety of stimuli such
25 heat, electrical fields, magnetic fields, and shear forces. The colors
are also sensitive to some organic vapors and to gases such as ammonia
and oxides of nitrogen. '

Liquid crystals are extremely sensitive to their environment and are
adversely affected by airborne contaminants {20], atmospheric oxygen, and
nltraviolet radiation [21j. Airborne contaminants can convert the molecu-
lar ordering of liquid crystals from the color-reflecting plane texture
to a noncolored focal-conic texture. Eventually, the surface tension
effects of dirt particles cause withdrawal of the liquid crystal away from
the particle to produce a crater in the film.

Oxidative degradation becomes a problem during extended use of these
materials. Some liquid crystal components are more sensitive to degrada-
+ion than others so that care should be exercised in formulating composi-
tions for high temperature or extended use. In these cases, antioxidants
can be added to impede degradation. The effect of ultraviolet radiation
on the response of cholesteric liquid crystals can be alleviated by adding

small amounts of UV stabilizers to the liquid crystal. (See Fig. 16.)

3.4 LIQUID CRYSTAL CALIBRATION TECHNIQUES

Depending on the degree of accuracy required, there are several methods

that can be used to calibrate temperature-sensitive cholesteric liquid
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Fig. 14.
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carbonate. .Curves b through j represent changing
the content of cholesteryl oleyl carbonate in
cholesteryl nonanoate by 10% steps [16],

-39~



©
a
o
-]
g
e B _
@ of
&
L o H
3
o
o
° I— |
00 95 50 M T & S0 40 30 20 W0 5 O
Cholesteryl Pelargonate, 7
0 3 20 30 40 S50 &0 T0 S0 %0 95 0

o
Cholesteryl Butyrate, 7%

Fig. 15. Color-play range of mixtures of
cholesteryl pelargonate and chole-
steryl butyrate [18].

e °C
S
T
]

8
T
|

With UV Stabilizer

8 ¥ 8 ¥
1
|

[y

(=3
H
1

No UV Stabilizer
] ] ] {
1l 2 3 -3 4
txposure Time, hours x 10

o
)
|

Temperature of Grean (5500 A) Respons

Fig. 16. Response of a cholesteric liquid
crystal exposed to ultravioclet (UV)
radiation, with and without UV
stabilizer [21].

~40~




cxystals. The simplest method is to spray 2 sample onto a thin black
mylar sheet and place the bulb of a heated mercury thermometer in contact
with the opposite side of the sheet. As the thermometer cools, the coated
area adjacent to the bulb will pass through the color spectrum and color
trausformation points can be correlated with the thermometer readings.

A water—filled rosemount constant temperature bath, capable of es-
tablishing and maintaining temperature to within 0.01°C, was employed in
a liquid crystél calibration procedure by Cooper, et al. [19]. The bath
temperature was monitored and controlled with a platinum resistance ther-
mometer. Color was determined by direct visual observation. All liquid
crystal formulations calibrated were applied to a piece of the material
to which they would later be apﬁlied for data collection. The liquid-
crystal-coated substrates were enclose@ in small clear plastic bags to
seal them from the damaging effects of the water. The package was then
suspended in the water bath. The temperature of the bath was slowly raised
until the event temperature range was reached. Careful adjustment of the
bath temperature provided an accurate measure of the temperatures corres-—
ponding to the omset of red, them of green, etc., and finally of blue.
This procedure may be repeated in reverse order by slowly lowering the
bath temperature. Using this érocedure, temperature and color may be
calibrated to within an estimated accuracy of 0.1°C.

A very accurate technique was used by Fergason [16] in order to de-
termine the temperature dependence of cholesteric materials. His device

is sketched in Fig. 17. If the cholesteric phase is illuminated by mono-
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chromatic light and the temperature varied so that the wavelength of maxi-
mum scattering pasées through the wavelength of the source, the intensity
of the light scattered will increase to a maximum and then decrease. If
the source is a discharge lamp with a number of discrete emission lines,
these wiil be visible as peaks of intensity. The line which is thus re-
flected 1is readily visible by observing the color of the cholesteric phase.
The apparatus shown in Fig. 17 makes use of these principles by illu-~
minating the phase with one of the lamps described in Table 1. The tem-
perature of the aluminum block is varied by using a thermoelectric unit
which is driven by a variable d-c power supply. The block may be heated
or cooled depending on the direction of current flow in the thermoelectric
wmit. The temperature range of this device as shown here is 120°C to -20°C.
The temperature of the aluminum block is measured by a thermistor which
drives the X axis of an X-Y recorder. As a.cross reference and calibra-
tion source, a thermocouple is also used. Errors in this system occur
in absolute measurements of temperature rather than temperature differences.
The intensity of the 1light scattered is measured by a photodetector and
fed to the Y axis of the recorder. The information which may be obtained
in this manner is the temperature of each of the phase changes and the
temperatures of scattering peaks. The plane texture of the cholesteric
phase is formed by casting a film from a suitable solvent, usually hexane
or.petroleum ether, onto a substrate film, the back of which has previously

been blackened. Fig. 18 shows a typical output of this apparatus for the

1liuninations.
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TABLE I. Spectral Lamps for Wavelength
vs., Temperature Measurements
[23].

Light source Wavelength (1)

Hg
vy 3663
Purph: M6
Blue 4338
(ireen S4136
Yellow 5780
He
(Y 3uns
Blue $HN3
{ireen 3015
Yellow INT3
Redd . H3HH
'
[$hwe 4799
{ipeeny MinG
Koed 5438

90% Cholesteryl Nonanoate
10% Cholesteryl Propionate

intensity

80 15 70 65 &0

Temperature °C

Fig. 1B. Typical output of the apparatus
in Fig. 17 for the illumination
[23}.
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3.5 HANDLING

The handling method of liquid crystals is very important. The full
potential of these interesting materials has not yet been realized because
of the difficulty in forming surface films from these grease~like organic
fluids. The usual method is to dissolve them in a solvent, then paint
or spray the solution onto a pre-blackened surface. From a practical
point of view, the liquid crystal layer should be about 0.001 in. thick.
This film thickness is optimum because thinner layers give less Intense
eolors and thicker layers reduce the resclution and speed of response as
well as being a waste of material.

The liquid crystal layer is highly susceptible to degradation and
tends to have a limired l1life during the test. Under ordinary room condi-
tions, testing can continue from three to four hours before the film sﬁr-
face becomes marred. However, if it is desirable to leave the liquid crys-
tal on for lomg periéds of time, encapsulated cholesteric liquid crystals
should be used because they are easily handleable films with a self-con~-
tained black background. Such a film can be instantly applied and removed
from the surface, so that the need for an elaborate clean—up procedure is
eldminated. Encapsuiation also improves their resistance to environmental
damage. But along with their many advantages, there are also several dis-
ad#antages. The film thickness required is greater when using encapsulated
material, and therefore the heat capacity of the system is increased. More-

over, since the beads represent discrete elements, resolution 1s degraded

slightly [16].
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CHAPTER 1V

THEORETICAL ANALYSIS

4.1 INTRODUCTION

In this chapter a theore?ical basis for choosing the liquid crystal
systen to define the quantitative features of a delamination flaw in fiber
reinforced laminates 1s established. Thermal testing is based upon the
detection of surfaée temperature gradients induced by imternal variations
or defects in the test object which alter the object’s normal heat flow
pattern. The liquid crystals are used for mapping temperature gradients
rather than measuring actual temperatures. The cheice of liquid crystal
system for thermographic mapping depends upon the temperature differences
to be .analyzed. For example, a system with a color-play range of 1°C
is capable of detecting temperature differences as small as 0.1°C. For
temperature differences of the order of 1°C, a system wiéﬁ a color-play
range of about 5°C is preferable.

A heat source with a uniform radiant heat flux is used in the experi-
mental thermal testing of composite laminates. The theoretical wmodel con~
sists of a flat plate laminate having thickness % and which is inictially
at the ambient temperature T throughout. The laminate which has an inter-
laminar flaw is shown in Fig. 19. As indicated in Fig. 20, the plate is
suddenly subjected to a net uniform radiant heat flux q". It ic assumed
that (1) the heat conduction through the plate is one-dimensional in the
thickness direction, (2) the heat transfer coefficient h is the same for
both surfaces of the laminate, and (3) the properties of the laminate and

any material contained in the flaw are constant. Region I without the
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Fig. 19. Isometric schematic of model of laminate con-
taining interlaminar flaw.
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flaw and Region II with the flaw are defined, and because of the one-di-
mensional heat condﬁction assumption, the temperature distributions in '
Regions I and II are independent?. The temperature distributions in Re-
gions I and II are different because of the presence of the flaw in Re-
glon II. The absolute value of the temperature difference on the surfaces
of Regions I and II, AT, is defined by

AT(e) = [T, (€) - Tipe(8) ] (1)

where the subscript s emphasizes that the temperatures of concern are at
the surface. Thus, the color-play range and transition temperature of
the liquid crystal system which is well suited for detecting a given flaw

is related to AT and the corresponding surface temperatures, respectively.

4,2 CALCULATION OF T

Is

Region I is the unflawed part of the laminate. Heat conduction in
this region is govermed by [25]
QZTI(x,t)

a_xz

BTI(x,t)

-1
a ot

for t>0 and 0gx< ¢ (2)

where TI(x,t) is the transient temperature distribution, a is the thermal
diffusiviry of the laminate material, t is time, and x is the coordinate

in the thickness direction. The surface temperature 'I'Is is defined as

trhis is a good assumption except for a transition zone between the two
regions. The effect of this transition zone is actually illustrated In
Fig. 20 where the surface temperature variation between Regions I and II
1s continuous rather than discontinuous.
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Ty (£) = T,(0,8) . ] (3)

The boundary conditioms are

3T, (0,¢)
q“,-h['rI(o,c) -T]+k - = 0 at x»0 and t>0 (4)
3TI(!.,1:)
B[, (2,1) - T ] +k—5—— =0 at x=% and t>0 (5

where eqns. (4) and (5) are simply statements of the conservation of energy
at the boundaries x=0 and x= L, respectively, and where k is the thermal
conductivity of the laminate. The initial condition is

T, (x,0) = T_ at t=0and 0gx<i . (6

The boundary conditiom in eqn. (4) is nonhomogeneous. In order to
transform this nonhomogeneous boundary condition into a homogeneous bound-

ary condition, let

8(x,t) = TI(x,t) - T (7

-
where 8(x,t) can be writtem as the sum of a steady-state part as(x) and

1 transient part Bt(x,t) as [25]
g(x,t) = Bs(x) + Bt(x,t) . (8)

Substitution of eqn. (7) into eqns. (2}, (4), (3), and (8) gilves, respec-

tively,
3?8 (x,t) _ 1 38(x,t) 9)
312 o at
q" - 1h8(0,t) + k 19(—301:?—) =0 _ (10)
he(L,t) + k 3%'—‘-?- =0 (11)
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Bi(x,O) =0. (12)

In the sr.eady.state, eqns. {9), (10), and (11) become, respectively,

azes(x)

—_—= (13)
ax2
368(0)
q" - 18 (0) +k——— =0 (14)
393(2)
hes(z) + k . - V] (15)
which have the solution [25]
-t - : - ht

es(x) Iz + 1] [1 + Bi 31(1)], Bi = - . (16)

Substitution of eqn. (16) inte eqn. (8) gives an expression which

41f substituted into eqmns. (9), (10), (11), and (12) yields, respectively,

32 (x,t) ; 38 (x,t)
- (17}
- _3x2 a at
aet(o,c)
-hB:(U,t) +khk—F—=0 (18)
aet(m,c)
het(!.,t) + k B a—— 0 (19)
Bti(x,O) - -es(x) . (20)

Eqn. (17) is a homogeneous partial differential equation and its boundary
conditions are also homogeneous. Therefore, this equation can be solved

by'the method of separation of variables as [26]

8, (x,t) = X(x)$(t) . (21)

The product solution given by eqnl (21) converts eqns. (17), (18), (19),
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and (20) to the following two sets of ordinary differential equations.

a2
47XE) |, y2x(x) = 0 (22)
dx2 n
-hxm)+ki’f-1%l=o “at x=0 (23)
hX({2) +kd—§§:—tl-0 at x=2 (24)
d¢(t) 2 -
at + aln¢(t) 0 (25)
$(t) = 0 for t+ = . (26)

The general solution of eqn. (22) is

X(x) = Clsin(knx) + Czcos(lnx)

which 1f substituted into eqns. (23) and (24) gives

Ankcl - h¢, = 0 27

[k sin(lnl) + kAncos(Anl)]Cl + [h cos(Ann) - kAnsin(lnl)]Cz =0 . (28)
The unknown eigenvalues An are obtained from the requirement that the al-
gebraic eqns. (27) and (28) have a nontrivial solution. Thus, the deter-
minant of the coefficients C1 and C. must be equal to zero, and therefore

2

the eigenvalues are the roots of the transcendental equation
2 _ ¢(pqy2 - : -
((Anl) (B1) )sin(lnl) ZBilnlcos(lnﬁ) 0o . (29)
The solution of eqn. (25) is [26]
-alit
6(t) = Cqe (30)

and thus the product solution eqn. {21) may be written as
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-ailt

n
8, (x,t) = — [ansin(lnx) + bncos(lnx)]e . (31)

Substituting the initial condition eqn. (20) into eqn. (31) gives

et(x,O) - -Bs(x) - ; [ans:ln(lnx) + bncos(knx)] (32)

where the Fourier coefficients are defined as [27]

L
fo (-Bs(x))sin(knx) dx

n £
[ sin? (A x) dx
0 n

2q" [1 + Bi - cos(l 1) —(Bi)sin(k !L)]

h(2 + Bi)[A 2 - sin(lnz)cos(lng)] (33)
1 .
[(-es(x))coanx) dx
0
bn = T
Lcosz(lux) dx
2q" [(ll"iz)cos(k 2) - sin(l L) - % |
(34)

h(2 + Bi)[AnE + sin(AnE)cos(Anz)]

Therefore, combining eqns. (7), (16), and (31), all evaluated at x=0,

the surface temperature in Region I as a function of time is given by

Azt
. q" (1 + Bi) E e
TIs(c, T+ h(z TED + — b e . (35)
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4.3 . CALCULATION OF TII

Region II is the region of the laminate which contains the flaw.
Region II is modeled as three parallel layers and therefore heat conduc-

tion in this region is governed by [28]

(x,t) (x,t)
IIi 1 IIi
p _-__3t in xisx LR t>0 (36)

ax2 i
i=1,2,3

where TIIi(x,t) is the transient temperature distribution in layer i and
o, i{s the thermal diffusivity of layer i. The x; coordinates are showmn

in Fig. 20. The surface temperature at X, is TIIs which 1is

TIIs(t) = TIII(O,t) . (37)

The boundary conditions are

q" - h[TIIl(xl,t) -l

(x,,t)
+ 111 1 = at the outer surface (38)
x. ;t >0
1
. 3T 13 (%)
3 x

+b[T . (x,,t) ~T]1 =20 at the outer surface (39)

1134 =

Xyt >0
and the continuity conditions are
T (x ,t) = (x o) continuity of temperature (40)
1114+ II 14171 at the interface, 1i=1,2
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x 3Ty X5 4p08)
1 ox -
3T (x.,.,.t)
- kiﬁi__;llit%;_ztl___ continuity of temperature (41)
at the interface, i=1,2

where the ki are the thermal conductivities. Note that eqn. (40) has been

* written with the assumption that there is no thermal contact resistance
at the interfaces X, and xge The initial conditions are

'I'In(x,ﬁ) -T_ in xi's.xs.xi_H_ (42)

i=1,2,3 for t=0 .

The boundary conditions in eqms. (38) and (39) are nonhomogeneoué.

Tn order to transform these into homogeneous boundary conditions, let

0, (5,8) = Ty (xst) = T (43)

where the ei(x,t) can be written as the sum of steady-state parts Bsi(x)

and transient parts Bti(x,t) as [25}
ei(x,t) - asi(x)+eti(x’t) for i=1,2,3 . (44)

jubstitution of eqn. (43) into egns. {36) and (38) through (42) gives,

respectively,
azei(x,t) , 38, (x,1)
—_— = - 1=1,2,3; x,<x<x,,.; t>0 (45)
axz Cl.i at i i+1
306, (x )

wo_ ——--——l ﬁ =

q hel(xl’t) + kl % 0 (46)
aes(xa,t)

k3—§';"“— + h93(xz‘,t) = {471
Bi(xi+1,t) = ei+1(xi+1’t) - 1=1,2 {48)
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N 38, (x, 4)8) .k 30,47 (X441°6) f=12 (49)
L ax 141 % 1,

ai(x,()) = 1i=1,2,3; X SXSK t=0 . (50)

In the steady state, eqns. (45) through (49) become, respectively,

a2g $ @)
—8 a0 1=1,2,3; X, €£X<X (51)
a2 i i+l
" 1 &
q (x) + k=2 =0 (52)
(x,) )
834
k3 % + hesB(x&) 1] (53)
8.1y ™ 0y 141 *iny) 1=1,2 (34
(x 30 (x,..)
i+1 . 5,1+ T1+1 -
;ki ax ki+1 Ix i=1,2 (55)
which have the solutions [25]
(x - x ) . 5
931 - el - -(-;;T;—)(B 2) xlgxgxz {56)
..  (x=x) 5
932 - 92 - T};—;—_—x—)—(a 3) X, XS Xy (57)
- (x - X ) -~ -
Oa3 ™ 85 - T;'-_x"i'(e 8 xyixix, (58)
where
" . -
B‘.1 = qh((Z!l : :11 1: :112: :113)) 3 Bi, < e ‘“—'—xl) (59)
1 2 3 ky
Lid -
6, = h(zq +(131+ }:-iza: TBI:i y ¢ BT _{1_(_1‘;4,_1{_"_20_ (60)
1 2 3 2
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q"(1 + 313) h(xa - x3)

- : Bi,6 = ———— (61)
3 h(2 + B:I.l + 312 + 1313)

)

- qll
9, = (62)
4 h(2 + 311 + 312 + 313)

Substitution of the steady-state solutionms given in eqns. (56), (57),
and (58) into eqn. (44), and then substitution of each of the resulting

expressions into eqns. (45) through (50) give, respectively,

326 _(x,t) 38, (x,t)
ti™? 1 L=
—tr s 1=1,2,3; x,¢x<xX (63)
ax2 a, at : i i+l
39 _,(x ,t)
ti*71? -
-hetl(xl’t) + kl—---—'—ax 0 (64)
8y (Xyyg0®) = 0 541 (Xyyq0®) 1=1,2 (63)
y 20, &y 8) . 28, 141 Fyay o) (1.2 (66)
i X N C o 3x ?
g . (x, ,t)
374
B4 (x,,t) + ki— 5= 0 (67)
ati(x,o) = -esi(x) i=1,2,3; K SKER 0 o (68)

Eqns. (63) are homogeneous partial differential equaticns and the associ-
ated boundary conditions are homogeneous also. Thus, the equations may
be solved by the method of separation of varlables by assuming solutions

of the form [29]

E -aisint
eti(x,t) = Anxin(x)e in layer i, 1i=1,2,3. (65

The solutions given in eqns. (69) convert the formulation of the problem
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to the set of eigenvalue problems

2
d Xin(x)

dx2

2 - .
+ Binxin(x) 0 in layer i, 1=1,2,3

with the boundary conditions

dx. (x.)

ln 1 =
- dx + hxln(xl) 0
X i) = Xyag 0 Fgan) 1=1,2
. Zin®ort) o Finrn T (=12
i dx i+l dx ’

dx, (x,)
3nt 4

k3 dx + hx3n(xﬁ) 0.

The solutions of the above eigenvalue problems are of the form

Xm.- C uc.'.t:»s(i?.mx) + Dinsin(sinx) xis_xsxﬁ_l .

i
i=1,2,3

The substitution of eqn. (75) in eqns. (71) through (74) gives

[h cos(Blnxl) + klelnsin(slnxl)lcln
+ [h sin(Blnxl) - klslncos(Blnxl)]Dln = 0
[cos(Blnxz)]Cln + [sin(ﬁlnxz)]nln
+ [-cos(Ban2ﬂ92n+-{—sin(anxz)]Dzn = 0
k

1 *
[- X, By, sin(8y x,)I¢, [kz By c08(B) x,) 1D,

+ 8, sin(B, x,)]C, + [-8, cos(B, x,)]D, =0

=58=

(70)

(71}

(72)

(73)

(76)

(75)

(76)

(77)

(78)



Icos(Ban3)]cZn + [Sin(szan)]DZn

+ [-qos(63nx3)lc3n + [—sin(s3nx3)]n3n =0 a9
k, | ky
[_‘ESDBZhSin(Han3)]C2n + [E; Bchos(BanS)]D2n

-+ [B3nsin(83nx3)]C3n + [-BBncos(Banxé)]Dgn = 0 (80)

{h cos(Ban4) - k333nSin(83nx4)]CSn

+ [h sin(Banx4) + k383nc°3(83nx4)]n3n = 0 (81)
or
o ar -
A B 0 0 0 0 C
1n
c D E F 0 0 Dln
G H I J 0 0 Czn
=0 (82)
0 ) K L M N D
2n
0 0 ] P Q R C3n
0 0 0 0 S T D3
e - LY3n-
-where
A= [h cos(Blnxl + klslnsin(ﬁlnxl)]
B=[h sin(Blnxl) - lelncos(Blnxl)]
C = [cos(8) x))] (83)

(continued)
D= [sin(Blnxz)]

E = [—cos(Banz)]

F= [-sin(Banz)]
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kl
6= [-— Blnsin(Blnxz)]

%

ky
H= [i; BlncOS(Blnxz)]

I= [ansin(Banz)]
J= [—Bchos(anzz)]
K= {cos(anXB)]
L= [sin(BanB)]

M = [-cos(8, x.)]
3n3 {continued)

- [ (83)
N [sin(Ban3)]

k

2 .
¢ = [- i; BZn31n(anx3)l

k,
P = [E; Bchos(anxB)]

Q= [B, sin(By x.)]

R= [—Bancos(ﬁanx3)]

S = [n cos(BanA) —'k383nsin(83nx4)]
T = [h sin(B, x,) + k383ncos(83nx4)] .

Evaluation of the coefficients Cin and Din from eqns. (82) cannot be
performed yet because the system includes the unknown eigenvalues Bin’
which are determined by the following comsiderations. Consider the inter-

face at x, between layers (i-1) and 1. Because there can be no energy

—B=-



storage in the infinitesimal thickness of the interface, the time behavior

of temperarure at the interface Xy must be the same on either side of X

This requirement is satisfied by [30]

2 . 2 - (84)
o Bin ™ ai+lsi+1’n for i = 1,2

By means of relation (84) it is possible to express all but one of the

Bin in terms of that remaining oune, say, Sln. Because the six equations

in the system (82) are homogeneous equations, the coefficients Cin and

D, may be determined by expressing them in terms of any one of them,

in
83y, Cln' Hence,

N
Din = | B]cln (85
_ADJ + AFH + BCJ — BFG
Can ™ | BFI - BEJ ]Cln (86)
ADT - AFH - BCI + BEG
Don 7 | BFL - BEJ ]cln &7
[-ADJ + AFH + BCJ - BEJ][-0T]
¢« |+ [ADI - AEH - BCI + BEG][-PT]}, (88)
3n | [BFT - BEJJ(QT - SR] in
-[-ADJ + AFH + BCJ - BFG]{s0]
p. = |-—* [ADL — AEH - BCL + BEG][SP]]C (89)
3n [BFI - BEJ][QT - SR] 1n

An additional relationship to determine the unknown eigenvalue Bln may
be obtained from the requirement that the system of six algebraic equa-
tions (82) have a nontrivial solution if the determinant of the coeffi-
ciénts Cin and Din vanish. By equating this determinant to zero, the

following transcendental equation is obtained:

[LQT - LRS - MPT + NPS][ADI - AEH - BCI + BEG]
+ [RQT - KRS - M@T + N@S][-ADJ + AFH + BCJ - BFG] = 0 (90)
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where the positive roots of eqn. (90) give the eigenvalues Bll<<612<

ese€B. €+.. « For each of these eigenvalues there are corresponding

In
values of Fin’

In general, for a region containing more than ome layer, the eigen-

Din’ and the eigenfunctions Xin(x) which can be determined.

functions Xiu(x) are not orthogonal with respect to the usual weighting
functions derived from a one-region Sturm-Louisville problem [31]. How-
ever, an orthogona; set (;n(x) can be constructed from the non-crthogonal

set Xin(x) by multiplying the X a in each layer i by the orthogonality

i
factor Wi which is called the discontinuous weighting function for layer

i. Hence [30],

Gn(x) - Wixin(x) in 1ayer i (91)

where the discontinucus weighting functions are

A AN
Wi = a—i . (92)

Tittle [32] has shown that the discontinuous weighting fuqction is unchanged
whether there is perfect thermal contact or a linear thermal contact re-
sistance at thé interface.

So far, the eigenfunctions and the eigenvalues for use in the solu-
tion given by eqn. (69) have been determined, but the unknown coefficients
An are yet to be determined. Now, the initial condition (68) will be used
to find the Ah' The initial condition function Bt(x,O) may be expressed

as a sum of three subfunctions Gti(x,O) in the form

| o
-
H

8, (x,0) = 9 ti(x',m (93)

62



where the subfunctions Bti(x,D) are defined as [30]
eti(x,O) = Bt(x,O) in layer 1 (%4-a)
eti(x,O) =0 in all other layers . {94-b)

Each subfunction eti(x,OJ can be expanded into a series of orthogonal

functions Gn(x) in the form

eti(x,O) = E B nGn(x) . (95)

n=1 1
Each expansion must be made over the entire rénge xlsacsxa, spanning
all three layers. The unknown coefficients Bin in the expansion (95)

are determined by a generalized Fouriler amalysis over the entire range

of the three layers; therefore,

0 . (x,006 (xw(x) dx
[hree el n

lavers

in
f [Gq (x)12w(x) dx
three

layers

B

(96)

where w(x) is the usual one region Sturm-Louisville orthogenality func-
tion and which, in rectangular cartesian coordinates, is
wix) =1 .

Substitution of eqns. (91), (93), and (94) into eqn. (96) gives
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I-l-ﬂ

8_(x,0)X, (x) dx
-/]:ayer i t in

_3
Z:wif X2 (x) dx
layer 1

. (97)

i=]1 in

Using eqns. (75) and (93), eqn. (97) may be evaluated to give

Tl
Bl‘l’.l - N (98)
T
2
an -3 (99)
T
3
BBn A (100)
where
-aicin
T, =W 'Ti;'[ain(sin"iﬂ) - sin(8; xp)]
8.D
i in
+ =3 [cos(Binxi_'_l) - cos(Binxi)l

in

+
(=400 ~ Bin

+ (Cos(sinxi+l) ~ cos(sinxi))]

2
Bin

(04 = 9 c x, 415108, X, ) - x,sin(8, X,
xi) in

+D ~x 4008 (B, x ) + x co8(B, x,)
in B:f.n

+ (sin(sinxiﬂ) " Qin(ﬁinxi))]‘

2
Bin

6=



and

3
E : (Cin in
- 2 — -
A &t Wi [cos(zsinxi) cos(28, x, . .)]

ZBin in i+l
(p2_ - ¢2)
in in
- 48111 [sin(ZBinxi_'_l) - sin(ZBinxi)]
2 4+ p2
+ (Cin Din) (x -x )
2 hat 0 | 1 ’

By substituting eqn. (91) into eqn. (95), the Gin(x) functions may

be replaced by W:I.Xin(x) so that

.2 \
Bti(x,O) =1 Binwixin(x’ . xls_ X 52:4 (101)

If eqn. (69) is evaluated at t =0, it becomes
L)

et (x,0) = o~ Anxin(x) in x1£x$x4 (102)

Osing eqn. (191) in (93) and equating to eqn. (102) gives
3

An - = wiBin . (103)

Therefore, by substituting the values of Bin from eqn. (97) into eqn.

{103), the An become

i
2
Wi / et(x,D)Xin(x) dx

i=1
A = 3 layer 1 i (104)

L

1=1 1 layer 1

[X.n(x)]2 dx
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Note that if eqns. (85) through (89) are substituted into eqm. (75), each
of the resulting eigenfunctiéns Xin(x) will include the unknown coeffici-
ent Cln as a product factor. So, when the Xin(x) are substituted into
the solution (69) with the Ah as given in eqn. (104), the unknown coeffi-
cient C1n will cancel. Therefore, the solution of eqns. (63) is complete
since the terms in the relation (69) may be found in accordance with eqn.
(104) for the Ah’ equs. (75) and (85) through (89) for the Xin(x), and
eqns. (84) and (90) for the Bin' Hence, the surface temperature in Re-
gion II as a function of time is given by combining eqns. (43), (44), and
{69) as

" 2
q" (1 + Bil + Biz + Bi3) . E N e—alﬁlnt
h(2 + Bil + 312 + Bi3) a=1 1 '

TIIs(t) =T, + (105)

66—



CHAPTER V

- NUMERICAL CALCULATION PROCEDURE

In chapter IV, the analytical expressions for the calculation of
TIs(t) and TIIs(t), the surface temperature in Regions I and II, respectively,
were derived. (See Fig. 19.) In this chapter a computation algoerithm for
calculating the values of TIs’ TIIs’ and their difference AT is developed.

In the computer program, the analytical procedures for the calculation
of T, and T as described in sections 4.2 and 4,3 are implemented. Fig.

Is IIs
21 shows the flowchart of the program. A printed list of the FORTRAN IV

program appears in Appendix 1.

5.1 CALCULATION OF EIGENVALUES

In this section a procedure for solving eqns. (29) and (90) is estab-
lighed. Let
£Q) = [(A2)? - (B1)?]sin(A%) - 2BidRcos(AL) (106)
and
g(Bl) = [LQT - LRS - MPT + NPS][ADI - AEH - BCI + BEG]

+ {KQT ~ KRS - M@T + R@S}[-ADJ + AFH + BCJ - BFG] (107)
whgre eqns. (29) and (90) are f£(1) =0 and g(Bl) =0, respectively. Then
the eigenvalues ln and Bln from eqns. (29) and (90) are the values of A
and Bl at the points of intersection of the curves of f(A) and g(Bl) with

the A and Bl axes, respectively. Figs, 22 through 25 show typical plots of
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these functions. The oscillatory behavior of these functions may also be
seen from their exéressions as they are combinations of sines and cosines.
Hence, the roots of eqns. (29) and (90) can be found by applying a stepping
procedure, in which a sign change in f(A) or g(Bl) detects the scepping
interval within which a root lies._ (See Figs. 22 through 25.) This pro-
cedure is quite satisfactory as the eigenvalues can be computed to any

degree of desired accuracy.

AND TIIS

5.2 NUMERICAL CALCULATION OF TIs

Once the elgenvalues have been computed, the numerical value of TIS(t)
can be determined from eqn. (35). Egn. (35) may be evaluated by using the
defined ambient temperature T_ and heat flux q", the computed Biot number
Bi (eqn. (16)), and the Fourier coefficients bn given in eqn. (34). Simi-
larly, TIIs(t) can be evaluated from eqmn. (105), where the Bij (j=1,2,3)
are defined in eqns. (59) through (61), the An are computed by the substi-
tution of eqms. (92), (98}, (99), and (100) into eqm. (103), and the Bln

are the roots of eqn. (90). Finally AT(t) can be calculated according

to eqn. (1),
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CHAPTER VI

" RESULTS AND DISCUSSION

6.1 INTRODUCTION

In chapter V a computation algorithm for calculating the values of

T , and their difference AT was established. 1In this chapter the

Is’ T11s
results of numerical calculations of TIs’ TIIs and AT will be presented,

which make it possible to determine the "optimél" testing conditions and

the "best" liquid crystal sysfem in relation to the parameters of the de-
lamination and the laminate being inspected.

In Appendix 2 it is shown that

% - . - - " =
o%_ = f,(BL,Fo); 9% = klgris T )/q"t for 1=T and IT  (108)

is
w - , - = k =
0%, £,(B1,Fo,RK,RA,RL,R2);  RK = k,/ky, RA = ay/a) (109)
A8%* = |f£(Bi,Fo,RK,RA,R1,R2)); RL =&,/¢, RZZ Lo/% (110)

where B?s, BEIS’ and AG* are dimensionless temperatures corresponding to

T. , T and AT, respectively. Fo is the Fourier aumber which is de-

Is IIs?
fined as Fo-’:altfﬂ,z. Note that the values of TIs and TIIs are calculated
with the ambient temperature as the reference temperature, s¢ in order to
find the absolute value of temperature in each case, the ambient tempera-

ture should be added to the computed value. Thus, setting the ambient

temperature T to zero, the dimensionless .emperatures can be redefined

as T

*
s and TIIs where
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- i
T4, = klgls/q L (111)
T4 S kT /" (112)
AT* = AG* = "1|(sz - TIIS)|/q"2 . (113)

6.2 RESPONSES OF T

Es' T?Is’ and AT* VERSUS Fo

Figs. 26 and 27 show typical responses of T?s' T¥1g? and AT* versus
Fo, whefe Bi, RK, RA, Rl, and R2 are fixed, and RK is less than unity; in
other words, the thermal conductivity of the material contained in the de-
lamination is less than the thermal conductivity of the material of the
unflawed laminate. Note that Fo represents the dimensionless time. The
Fo corresponding to the maximum value of AT* is defined as (FO)AT* . At
large values of Fo, T?s and T%Is tend toward their steady-state vziies

and so AT* tends toward a constant.

6.3 FACTORS INFLUENCING AT*

6.3.1 Effect of Geometrical Parameters Rl and R2 on AT#*

Fig. 28 shows the response of AT* versus Fo to different values of
Rl_and R2, where Bi, Rk, and RA are fixed. From Fig. 28 the value of AT*
is less sensitive to changes in Rl than in R2. Also at large values of
Fo, the value of AT* is only sensitive to changes in R2. This behavior

may be explained by the fact that at large values of Fo the temperatures
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tend to their stea&y-state values and at steady-state, the temperature
resﬁonse of T?Is dbes not depend on the depth of defect in the laminate.
Therefore, at large values of Fo, AT* does not depend on Rl as it is only |
a function of the defect thickness. _

Fig. 29 shows the variation of AT;ax versus Rl when R2 is fixed and
Fig. 30 shows the variation of AT;ax versus R2 when Rl is fixed, where
RK and RA are fixed in both cases. These figures show that the value of
ﬁT;ax is also less sensitive to changes in Rl than in R2, From Figs. 29
and 30 it may be concluded that the relations between AT;ax and both R1
and R2 are linear.

Figs. 31 and 32 show the variation of (FO)AT* versus Rl and R2 when
R2 and R1 are fixed, respectively, where RK and R:azre also fixed in both
cases. These figures show that the (Fq)AT* is sensitive to both RI and
R2 and increases as either Rl or R2 or botgaincrease. The relations be-
tween (Fo)AT* and both Rl and R2 are linear also.

* *
6.3.2 Effect of Biot Number on 'I’"{S, TIIs’ and AT

Figs. 33, 34, and 35 respectively show the response of TES, T%Is’
and AT* versus Fo for different values of Bi, where RK, RA, Rl, and R2

are fixed. These figures show that T%

s’ TEIS, and AT* decrease as Bi

increases.
iv &
Figs. 36 and 37 respectively show the variation of AT and (FQ)!T*

max
versus Bi, where RK, RA, Rl, and R2 are fixed. These figures show that

at small values of Bi, the values of AT*_ _ and (Fo) are sensitive to
max 6T;ax
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changes in Bi. However, at large values of Bi, the values of AT;ax and

(Fodypu  aT€ relatively insensitive to changes im Bi.
max

6.3.3 Effect of Thermal Conductivity Ratio RK on AT*

¥ig. 38 shows the response of AT* versus Fo for different values of
RK, where Bi, RA, Rl, and R2 are fixed. This figure shows that as RK in-
creases, the value of AT* decreases as it alsoc becomes less sensitive to

changes in RK.

. s *
Figs. 39 and 40 show the variatiom of AT and (FO)bT;ax versus REK,

respectively, where Bi, RA, RI, and R2 are fixed. These figures show that
at small values of RK, the values of AT*  and (Fo) are sensitive to
max . &T;ax
changes in RK, However, at large values of RK, the values of ATﬁax and
CFO)AI* are relatively insensitive to changes in RK,
max

6.3.4 Effect of Thermal Diffusivity Ratio RA on AT*

Fig. 41 shows the respouse of AT* versus Fo for different values of
RA, where Bi, RK, R1, and R2 are fixed. This figure shows that the values
of AT* increase slightly as RA increases. Thus, it may be concluded that
AT* is almost independent of RA, especially at small values of Fo.
&
Figs. 42 and 43 show the respective variationms of AT* and (Fo)AT;ax

versus RA, where Bi, RK, Rl, and R2 are fixed. Also, these figures show

that the values of AT* _ and (Fo) are almost independent of RA.
max AT;ax
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T and AT

1g*~=1I1s

6.3.5 Effect of Net Radiant Heat Flux q" on T

In preceding sections the respouses of T?s, T%Is’ and AT* versus Fo
and the effect of variations of the parameters R1, R2, RK, RA, and Bi on
these responses have been illustrated. It was also mentioned that the
color-play range and the transition temperature of the liquid crystal sys-
tem which is well suited for the detection of a given flaw is related to
AT and the surface temperatures TIs and TIIs' Thus, the determination of
testing conditions and the_selection of the liquid crystal system for the
detection of a given defect is related teo Rl,-RZ, RK, RA, Bi, kl, 2 and q".

Figs. 28, 33, and 44 respectively show typical responses of AT*, T?S,
and T?Is versus Fo to different values of Rl and R2, where Bi, RK, and RA
are fixed. It has been shown that there are unique relationships between
Tis, T?Is’ and AT* versus Fo when Bi, Rl, R2, RK, and RA are fixed. (See
eqns. (108) through (110).) However, the relationships between TIS’ TIIS’
and AT versus time are not unique for the same conditions which have been
mentioned above because TIs’ TIIs’ and AT are also dependent on kl’ £ and
q". (Refer to egms. (111), (112), and (113).)

For specified values of kl and &, that is, a given laminate, TIs’

T 1s’ and AT depend only on q". Egns. (111) through (113) show that the

I
relationships between TIs’ TIIs’ and AT, and q'" are linear and all pro-
portionality constants are the same. So, AT can be increased by increasing
the value of the net radiant heat flux q". ’I‘Is and TIIs will be increased

as well. As AT increases, the accuracy of the thermal testing also increases

because larger temperature differences are more easily detected. Thus,

08~



ot

81l

«“1%1 uo zy pue 1§ sidjowexed TeITIIPWO8 Jo Iv93ye [wordLl 4y 814
oq
6 B L 9 S 14 E = T
I | r i { | | |

(50° ‘ST u\\

(sz° ‘st \

ﬁmo. .mﬂou\

v

a8
(sz°‘S1") §y''6T7)
(sv*sT1°)
(s%°‘s0°) |
(za*19)
01T =Vd _
80" =4

80° =74

5
e

-97—



the ideal situation is to use a heat source which provides the largest
possible uniform radiant heat flux over the surface of the test laminape.
However, in practice, there is a maximum acceptable temperature to which
the laminate may be heated and this temperature must be in a range where .
liquid crystal materials are availaSle. Recall from section 3.3 that
1iquid crystals of the cholesteric type have been observed from -40°C to
285°C. However, materials which have been found useful for thermography
are presently limited from about 0°C to 150°C. Also, the-rate of thermal
change must be sufficiently slow to allow the liquid crystal to follow the
temperature variations. (The rate of change of liquid crystal color with
temperature has a time constant which ﬁay be as short as 30 milliseconds

and as loog as 0.1 sec.)

6.3.6 Effect of Heat Transfer Coefficient h on AT*

The effect of the heat transfer coefficient h on AT* is the same as
the effect of Bi on AT* for a given laminate. (That is, for a specific %
and kl’ Bi is proportional to h.) So according to section 6.3.2, it may be
concluded that the ideal situation 1s to have the smallest possible value
for h. It is also known that the value of h i1s the summation of hc and hr’
the convection and radiation heat transfer coefficients, respectively [34].
The smallest value for h can be obtained by providing natural convection
heat transfer on the surfaces of the test laminate (that is, without blowing
air onto the surfaces of the test object) and siffuciently low surface

temperatures such that radiation effects are negligible (that is, less than
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about 80°C).

6.4 CHOICE OF TESTING CONDITIONS AND LIQUID CRYSTAL SYSTEM

In this section the necessary and sufficient conditions for "optimal,"
"acceptable," "moderately acceﬁtable," and "limiting" cases of testing conditioné
and for choosing the liquid ecrystal system will be established. For simplicity
the color-play rangé and transition temperature of the liquid crystal system

are called ﬁTL e and TL e.? respectively., Also, the temperatures of two

colors (for example, green and red) are called TL c.i and TL

c.ii® Fespect-

ively, and their difference is called ATL.c §.id where

ATL.c.:L,ii = ITI..c.i - TL.c.iil . (114)
Also, define
%* = "
&17 .. - kIATL.c./q L (115)
= - "
™r.c. =k (T o = T/" (116)
* = n
ATI--c-i,ii - kl“L.c.i,ii/q L (117)
Tt = k(T g~ TW)/a" (118)
Hoedr =BT L 4q - Ta/a™ (119)
AT* * *
where TF .2 TL.c.’ ATL.c.i,ii’ Tf.c.i’ and Tf.c.ii are dimensionless
temperatures corresponding to ATL.c.’ T e ATL.c.i,ii’ Tpc.qr @d T Lo
respectively.
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6.4.1 "Optimal"™ Testing Conditionms and Liquid Crystal System

For this case, the'follawing performance indices should be satisfied,

and are also the necessary and sufficient conditions for thermal testing

with the liquid crystal:

T T G20
Tt = AR P BT az)
+ ATi.C. (122)

Ti.c; < TEISI(FO)AT* 1< Tf.c.
max

where RK<1 (that is, T}Is:>T§s). The conditions represented by eqnms.

(120), (121), and (122) define the “gptimal’ testing conditionms.

6.4.2 "Acceptable" Testing Conditiomns and Liquid Crystal System

For this case, the following performance indices should be satisfied,

and are also the necessary and sufficient conditions for thermal testing

with the liquid crystal:

e, ” T (123)

J &
AT;ax >AT* (Fo) > ﬁTL.C' (124)
(125)

*
Ti.c. < TEIS(FO) < Tf.c. + ATL.C.

where RK< 1 (that is, T§I83>T§s). The conditions represented by eqns.

(123), (124), and (125) define the "acceptable™ testing conditions.
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6.4.3 '"Moderately Acceptable" Testing Couditions and Liquid Crystal System

For this case, the following performance indices should be satisfied,

and are also the necessary and sufficient conditions for thermal testing

with the liquid crystal:
T >T (126)

L.c. o«
Aty . > AT*(Fo) 2 ATF . 4,44 (127)
* &
e, < T?IS(F°) 1 e, + ATL.c.i,ii (128)

< % > TR od < T%
where RR<1 (that is, T§; >Tf,) and Tf  , <T} | 4. Also, Tj . 4 and

T. are the temperatures corresponding to two nomadjacent colors.

L.c.1i
The conditions represented by eqns. (126), (127), and (128) define the

"moderately acceptable"” testing conditons.

6.4.4 "Limiting" Testing Conditions and Liquid Crystal System

For this case, the following performance indices should be satisfied,

and are also the necessary and sufficient conditions for thermal testing

with the liquid crystal:

>
S LGe. ” T (129)
> AT*® > (AT* .

(ATf.c.i,ii)nonadjacent BT*(Fo) 2 ( L,c.l,ii)adjacent (130)

% *
Tz.c.i. < T%Is (Fo) i-TL.c.i. *+ (ATL.c.i,ii)adjacent (131)

i * & * *

where RK<1 (that is, TIIS:>TIS) and T§ = <TF Lo Also, T . and
TL e.11 2T® the temperatures corresponding to two adjacent colors. The

conditions represented by eqns. (129), (130), and (131) define the "limiting"
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testing conditioms.

6.5 EFFECT OF AMBIENT TEMPERATURE T ON CHOICE OF LIQUID CRYSTAL SYSTEM

It is clear from conditioms (120), (123), (126), and (129) that the
transition temperature of a chosen liquid crystal system should be greater
than the ambient temperature T_. It is also concluded from eqns. (1186),
(118), and (119) thﬁt if T decreases by an amount §T_, the transition
temperature of the liquid crystal system should be decreased by the same
amount ST, in order that the conditions (122), (125), (128), and (131)
remain unchanged. Therefore, these conditions can be satisfied by choosing
the transition temperature of the liquid crystal system in accordaﬁce with
the amblent temperature. Also, ina control temperature environment, slight
changes in the ambient temperature may be made in.order to improve the

testing conditions.

6.6 SPECIFICATIONS OF TESTING CONDITIONS AND LIQUID CRYSTAL SYSTEM

In order to specify the testing conditiomns and the liquid crystal sys-
tem, it is necessary to specify q", h, and T for the testing conditious,

and ATL c and T for the liquid crystal system., In general, for a

L.c.

given laminate and an assumed or known delamination, the parameters q",

b, ﬁTL¢C.

Note that in evaluating q", h, ﬁTL .

s

, and TL c can be evaluated by satisfying the performance indices.

, and TL e’ the limitations which are
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imposed by the conditions discussed in sections 6.3.5, 6.3.6, and 3.3
should be considered.

In order to satisfy the performapce indices, it is necessary to evaluate
AT* and TEIS for the laminate. For a given laminate and an assumed or known
delamination, the values of £, al, kl’ RK, R1, and R2 are known. Also,
by considering the conditions which have been discussed in section 6.3.6,
h cap be evaluated. Hence, the value of Bi can be computed also. There-
fore, the values of AT* and TEIS corresponding to the values of RK, Bi,
Rl, and R2 can be obtained from graphs, typically, such as Figs. 28 and 44,
respectively. For this purpose, typical sets of graphs, such as Figs. 28
and 44, have been generated for ranges of RK and Bi and appear in Appendix
3.

Now, in order t6 evaluate the specifications of the testing conditions

and the liquid crystal system, the performance indices, for example for

the "optimal" testing conditions, can be rewritten as follows:

TL.c. > T, (132)

AT, |« (QUR/IDATE (133)

. 134

T ° @ 9’“&“’1’15[(%)&1';“] < T e T AL .. 134)

v *
where ATmax and TIIS[(FO)AT;ax] have been evaluated for a given laminate.
These conditions should be satisfied simultaneously by choosing the values
of q", ATL o’ and Ti el Those values, which satisfy the performance

indices, determine the testing conditions znd the liquid crystal system.

The procedure for evaluating the specifications of the testing conditiens
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and the liquid crystal system for "acceptable", "moderately acceptable",
and "limiting™ testing conditions is the same as that represented in eqns.
(132), (133), and (134), with the exceptions that AT;ax should be replaced
by AT* and (FOJAT* should be replaced by (FO)AT*' Note also that because

max .
eqns. (121), (124), (127), and (130) are inequalities, ﬁhe specifications of the
testing conditions ("optimal", "acceptable", "moderately acceptable'”, or
"1imiting") and the corresponding liquid crystal system are not uaique.

If the specifications of the testing conditions and the_liquid erys-—
tal system are given and those testing conditions are assumed to be any
desirable case, such as "optimal" or "acceptable”, information about the
corresponding laminates and their interlaminar flaws, where those testing
conditions are satisfied, can be obtained by working backwards through the
above procedure. Rewriting, for example, the Y"optimal" testing conditions

glves

T, . > T, (134)

ATH > (e QAT (135)

- L]

(ki/q"E)TL_c_ < TEISE(FO)QT;ax] < (kl/q"g)(TL.c. + AT, Yy (136)

where AIL.c.’ TL.c.’ and q" are given. Thus, any set of values for %,
R1l, and R2 defines a laminate with its interlaminar flaw, if the conddi-
tions represented by eqns. (134), (135), and (136) are satisfied. Note
also that the determination of the laminate and its interlaminar flaw,

when the specifications of the testing conditions and the liquid crystal

system are given, is not unique. Again, this is due to the presence of

inequalities in the operating equations.
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- CHAPTER VII

-EXPERIMENTAL RESULIS

7.1 TESTING UNIT AND EQUIPMENT

The radiant heating unit and the panel are shown in Fig, 45. The
heating unit has two quartz-=iodine lamps with a high~efficiency reflector’
which provides broad flat illumination which is capable of uniformly heat-
ing large areas [35]}. The lamps (SMITH—VICTOR Model 750/1000 WATT) are
mymmetrically arranged to irradiate the panel uniformly with the light
beams incident on the panel at approximately 30°.,

The photographic recording systems is comprised of a 35 mm. single-lens
Tteflex NIKON FM chrome camera body with a 135 om. £/2.8 AUTOPROMASTER lens and
a VIVITAR automatic 3X teleconverter MC 3X-3, No optical filter is used for
lighting and photography. The same lamps were used for both irradiation and
photography. The axis of the camera was perpendicular to the face of the test
laminate. Kodacolor II C~135 (ASA 100) film was used.

The size of the test panel is 1 sq. fr. The lamps are placed approx-

imately 3 ft. away. The camera is located approximately 5 ft. away.

7.2 TFREPARATION OF TEST PANEL

Before applying the liquid crystal, the surface of the test laminate
4s cleaned with soap and water, then coated with a water-base black paint
(FABER CASTELL Drawing Ink). The most important step in the testing pro-
cedure 1s the proper application of the liquid crystal. The coating thick-~

ness is judged by eye and is adequate if the entire surface of the panel
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appears uniformly glossy when viewed obliquely. An aerosol spray with ap-
proximately 10% liquid crystal is used in the experiments. (The liquid
crystal was supplied by Liquid Crystal Biosystems, Inc., 26101 Miles Ave.,
Cleveland, Ohio 49128.) Best results are obtained when approximately two
or three coats of spray having a total thickmess of about 0.001 in. are
applied uniformly over the surface. The surface should not be allowed to
dry between successive coats. Whereas the wavelength of light that is
scattered does not depend upon the thickness of the liquid crystal, non-
uniform coating thickness may cause an irregular color patternm even though
no subsurface anomaly exists. The aerosol liquid crystal which is used
scatters the entire color range from red to violet with a color-play range

of 3°C from 31°C to 34°C. Fig. 47 shows the calibration results for this

liquid crystal.

7.3 TEST PROCEDURE

The procedure for heating and photographing the laminate is described
below. Before photographing the laminate, visual observations are made of
the thermographic images produced during heating. The lamps are mounted
as shown in Figs. 45 and 46 and aimed so as to uniformly irradiate the
laminate. A laminate without any defects was used as a control panel to
esﬁablish the uniformity of 1rradiatioﬂ by means of the temperature-color

response of the liquid erystal. An essentially uniform coleor over the

entire panel surface which represents a uniform irradiation is achieved
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by adjusting the position 6£ the lamps, The, the test laminate is mounted

on the stand with the face of the panel in a plane perpendiéular to the

floor and to the horizontal axis of the camera. The camera is focused and
the camera controls (aperture and exposure time) are set for correct exposure
according to the camera built-in light meter, Then the quartz-iodine lamps
are turned on and a stop~watch is started, The panel is observed as the
thermographic images images develop. At suitable times, photographs are
taken to record the images as the surface temperature of the laminate in-
creases and passes thfough the color-play range of the liquid crystal. The
irradiation time corresponding to each photograph is récorded. Then the lamps
are turned off and the panel is allowed to cool to the ambient temperature
before conducting another photographic sequence,

Above its mesomorphic transition temperature, the liquid crystal appears
wet, causing excessive glare, Most of this glare can be eliminated by adjust-
ing the position of the lamps vithout affecting the uniformity of the panel
irradiation. While the remaining glare has negligible effect upon the visual
interpretation of the thermic pattern, this glare appears as small white

regions in the photographs (this fact should be kept in mind in viewing sub-

sequent photographs).

7.4 TEST RESULTS

The objective of the tests is to demonstrate some gemeral features of
the thermal testing of fiberglass composite laminates with liquid crystals.

The results of several tests on fiberglass laminates with simulated defects
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are described in this section. The defects are simulated by cutting patches
out of a few succesive fiberglass prepreg layeré before‘the laminate is formed
nsing a hot press. ‘In some of the cutouts paper is inserted while the other
cutouts were left empty with fhe resulting-flaw expected to be a combination
of largely air with some resin.

A photograph of the thermographic image for a panel with a square
defect is shown in Fig. 48, The photograph was taken 51 sec, after the
initiation of heating, The geometrical variables, for the panel and defect,
£, R1, and R2 are 0.12 in,, 0,25, and 0.30, respectively. The thermal proper-
ties of air are assumed for the material contained in the defect. The
estimated value for q'" 1s approximately 120 Btu/hr sq ft. AT* and T?Is
that have been obtained from the results of this experiment are shown in
Figs. 50 and 51.

Examination of the test results shows that the testing conditions were
“"acceptable." (See section 6.4.) Note that for the "acceptable" conditionms,
the originally black laminate surface is still black at the time of the
photograph. Also, Fig. 48 shows that the lateral heat conduction is negli-
gible because the thermographic image of a square shape defect is also a
square of the same size. This result supports the one-dimensional heat
conduction assumption which was made in chapter IV,

Fig. 49 shows a photograph of the thermographic image for the same
laminate testing in Fig. 48 when it was tested for the same defect from
the opposiée face of the laminate (R1 and R2 are 0.45 and 0,30, respectively).

The photograph was taken 56 sec., after the initiation of heating. The esti-

mated value for q" was about 100 Btu/hr sq ft. AT* and T%Is that have been
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Fig. 43. Photograph of the thermographic image under "acceptable"
testing conditions (R1=0.25, R2=3.30, 2=0.12 in., RK=0.08).
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Fig. 49. Photograph of the thermographic image under "moderately
acceptable” testing conditions (R1=0.45, R2=0.30,

£=0.12 in., RK=0.08}. (A color xerox of this page

is available for $1.00 from
-111- the MIT Sea Grant Office.)
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obtained from the results of this experiment are also shown in Figs. 50 and
51, Examination of the test results showed that the testing conditions
were "moderately acceptable".

A photograph of the thermographic image for a laminate with a circu-
lar defect is shown in Fig. 52. The photograph was taken 56 sec after the
initiation of heating. The geometrical variables, for the panel and the
defect, 2, Rl, and R2 are 0.12 in,, 0.25, and 0.30, respectively. The
defect contained a paper inclusion. Examination of the test results shows
that the testing conditions were "acceptable". In this case the defect
can be detected easily and accurately.

Fig. 53 shows a photograph of the thermographic image for the same
laminate tested in Fig. 52 when it was tested for the same defect from the
opposite face of the laminate (RL and R2 are 0.45 and 0,30 respectively).
The photograph was taken 70 sec after the initiation of heating. Exami-
pation of the test results shows that the testing conditions were "mode-
rately acceptable”.

A photograph of the thermographic image for a laminate with a circular
flaw (%, Rl, and R2 are 0.12 in., 0.25, and 0.15, respectively) is shown
in Fig. 54. The defect contained a paper inclusion. The photograph was
taken ;5 sec after the initiation of heating. Fig. 55 is a photograph of
the thermographic image of the same laminate and defect when tested from
the opposite face of the laminate (Rl and R2 are D.60 and 0.15, respectively).
The photograpu was taken 50 sec after the initiation of heating. Examination

of the test results shows that the testing conditions depicted in Figs,
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Fig. 54. Photograph of the thermographic image under "limiting”
testing conditions (R1=0.25, R2=0.15,%=0.12 in.,

RK=0.40).
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Fig. 55 Photograph of the thermographic image under "limiting"
testing conditions {R1=0.60, R2=0.15, 2=0.12 in.,

RK=0.40}.
(A color xerox of this page

is available for $1.00 from
116 the MIT Sea Grant Office.)



54 snd 55 were "limiting", and the detectien of defects 1s not easy al-

though it is possible to electronically enhance the photographic data.
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CHAPTER VIII

CONCLUSIONS

Cholesteric liquid crystals are compounds that pass through a tran-
gition phase in which they possess the flow characteristics of a liquid
while retaining much of the molecular order of a crystalline solid. Because
liquid crystals have the ability to indicate temperature by exhibiting bril-
1iant changes in color over discrete, reproducible temperature ranges,
they may be used to project a visual color image of minute thermal gra-
dients which may be associated with material discontinuities.

The purpose of this investigation ﬁas (1) to examine the feasibility
of using cholesteric liquid crystals for the detection of interlaminar
defects in fiber reinforced laminates and (2) to establish the require—~
ments for setting the testing conditions and for choosing a liquid crystal
system todefine the quantitative features of a delamination flaw in fiber
reinforced laminates., A review and summary of the liquid crystal litera-
ture has been presented and the unique properties of cholesteric liquid
crystals have been described.

Based upon this investigation, thermal testing with cholesteric liquid
crystals provides a simple nondestructive evaluation technique for the
detection of interlaminar flaws in fiberglass composite laminates. Vir-
tually no training is required in order to recognize the presence of a
flaw. Also, no complex electronic equipment is needed to record the data

as any ordinary camera can be used to produce a permanent visual record
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of the results.

A one—dimensi&nal model-of the heat conduction through a laminate,
containing an interlaminar flaw, with natural convection on both faces has
been devised. An analytical solution of the surface temperatures above
the flawed and unflawed sections of the laminate has been developed. Non-
dimensional groups have been identified which make it possible to define
“optimal™, “acceptable", 'moderately acceptable”, and "1imiting" testing
conditions in relation to the parameters of the delamination and the lami-
mate being inspected. Comparisons between experiments and theory clearly
show that interlaminar flaws can be distinctively seen under "optimal",
"acceptable”, or "moderately acceptable' testing conditions.

In general, the testing conditions may be chosen by satisfying the
theoretical performance indices corresponding to either "optimal", "accep-
table", or "moderately acceptable” conditioms. In order to facilitate the
conduct of fgture experiments, sets of data have been generated for most

practical situations. The use of these data has been described in detail

in section 6.6.
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APPFNDIX 1

LISTING OF COMPUTER PROGRAM

A.1 FNOMENCLATURE OF MAIN

PROGRAM

EEE[‘E*:

:

&

MR KB =g

DELTAT
X(1)
BETA(I)
TTWO (NA,N)

TIWO(L3,N)

2

kl Thermal
k, Thermal
k3 Thermal
oy Thermal

2 Thermal

a Thermal

Description

conductivity
conductivity
conductivity
diffusivity
diffusivity

diffusivity

b Beat transfer coefficient

q" Net radiant

heat flux

Geometrical
Geometrical
Geometrical

Geometrical

variable (refer
variable (refer
variable (refer

variable (refer

Number of data case

Initial wvalue for Bl

Initial step-size for Bl

At
By

Bli

T*

IIs

Fo

(t)

where t is the maximum time

(refer to Fig. 24)

{(refer to Fig. 24)

nondimensional time corresponding to TEIs(t)
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to Fig. 20)
to Fig. 20)
to Fig. 20)

to Fig. 20)

and At =t/80

nondimensional temperature

Unit
Btu/hr ft
Btu/hr ft
Beu/hr ft

ft2/hr

£t?/hr

ft2/hr
Btu/hr sq
Brtu/hr sq
ft
ft
ft

ft

ft F

ft



aOOoan

OO0 0O000

a7
777

1000

1102

i00l

U W) Py

A.2 MAIN PROGRAM

acont VL[N PROGRAM “aasd

[ e-F- ST -3 % ¥ LA 2 2. F-F-X-3-2-1-2 I 22 2R R-N X X5 2

COMMON X (3) +BETA(250) sDELTA(40) «A(C0) sEIGEN(4)5C(3),0(3),
BI(B)sTETA(A).AA{3).A=(J).H(B}.BN(dSOJsAN(ZSOF-DNI2SGI.EIGFUN
1319X29X31AKEQQK399AF1395AF13!ALFQC¢ALFA31I .
COMMON /TWO/ QaHsDELTADSTTWO(13930) s TONE(13280) 485712
(13480) +DELTAT«AKleaLFAL

CUMMON XXX/ X&4NA

INTEGER#Z XL A3 (40)

-QéﬂD DATA: MATERIALS PROPERTIESS GECMETRICAL N
«MaAXIMUM TIME, .
<VARIAALES, 30UNJARY AND INITiaL CONDITIUNS s AND .

-..o-acaq-..o.oo.lal-oootoooannt'-aooocOocotoocooi

READ (s} C

FORMAT(T3) '

NA=0

READ (551000) AK14AK2 s ALF AL, ALF A2 Ho w1 X229 X3 9 X0 JELTAL,
XINITASDELTAT
FORMAT(3E10,.4)
X1=0,0

AK3=AK1
ALFA3=ALFAl
DELTAU=0.5
NA=NA+]
WRITE{(S,1102) NA

WRITE(641102)N4A
FORMAT (* i,15,roaéqnaﬁﬁiﬁnﬁ*#&%nﬁﬁﬁé#ﬁ**uuaua#oﬁbﬁuﬂﬁﬁaﬁbuél)

WRITE(6¢1001) AKI s AK29ARIsALFAL s ALTAZ9ALFA39X13X2s X34 X4
sXINITAJDELTAOSDELTALsUELTAT vH41Q

_wRITE(5,1001Jaﬁl.Axa.QKJ,ALFal.AL=A2.nLFA3.x1sxa.x3-x4

s AINITASDELTAODELTAL vVELTATsHQ
FURMAT (v AKl=1,1ELl.5/" A<c=r91E11.5/" AK3=t,
JEl1l.5/ ALFAL=te1511 a5/t ALFAC=V«]1E11.5/" ALFA3=",

1E1Lla5/ Al=velElled/t Ae=tylZ11.5/" X3zt
1€11.9/¢ Xaw=telF1ls3/1 XINITa=1451511.5/" DELTAO=',
1811577 DELTAl=V1ELL1.S/Y DELTaI="y1F11457" Hxt,
1E1l .5/ B='+1Ell.2/)

X(l)=u.0

SAF12=A_FAl/ALFAZ
SAF13=A_FAl/ALFA3
ALFAR=].,/5AF 12
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OoOOoOO0O0O0O00n

133

110

150

103

112
1101
111
io2
104

105

101
108

107

LN -

AKR=AKZ/AK]

RL1=X2/%X4%
RL2=(X3=X2) /Xb
BIL=H®X4/A4K]
WRITE(S+133)BILsALFARsAKRLRL]L sRLC
FORMAT (¢ ataoRaBntROsRBRABBRORU IR ERaODRORRROBROBY//
¢ BIL=*+1E11.57" ALFAR=141E11.5/
‘ AKR=*41E11.57" RILI=*31E11.5/
' RL2='s1E]11.5)
Q....c.so.oo..co'OO!-o.oo..ooo-.00..-..-'tooooo-o.o
+BY USING A STEP?ING PROCEDURc IN wHICH A SIGN .
<CHANGE DETECTS [HE STEPPING LINTERvVAL WHTHIN WHICH.
«THE ROOT LIESs CALCULATE ANJ STORE THE ROOTS .
<BETA(I) OF EON.(90). CALL SYBROUTINE EIGF. .
o-..ch...o......ooc¢.c.oo--o.'o--c..ocoqto.oo..o-.o
5=0.
I=0
1=+l
X(1)=XINITA+X (1)
J=0
DELTA{1)=DELTAL
J=Jd+1 :
DELTA(J+1)=DELTA(J)#DZLTAOQ
CALL EIGF
XA=EIGF UN
X({1)=X(1)+DELTA(J)
CaLL EIGF .
B=EIGFUN
S=5+1.
R=0.,02
IF(S#3=-1.0)111+1125112
$=0.
WRITE(641101)X(1)
FORMAT (v THE CURRENT VALUE OF X = tylE2%.9)

IF(XA23)1014102,103

IF{XA)1044+105+104
BETA(I)=X(1)

GO TQ 100
BETA(IY=X(1)=DELTA(N)

GO TO 100

IF (DELTA(J) /X(1)=1.5-4)10B+108,4107
BETA(I) =X (1)

GC TO 100
X(1)=X{1)-DELTA(J)

GO TO 150
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OO0O0O0O 0

100

2100

OO0O000O000

120
155

130

140
160

12

11

OO0O0O000O0

P N R N R A N R S E R N LR

.CALL SUBROUTINE CUEF. CALCULATE AND STORE THE .

«COEFFICIENTS AN{I) WHICH CO<RESFOND TO THE EIGEN-.

+VALUES B3ETA(]) . .

...OOooOOOOQOQOOUOl-.-l..n.c'.......!000.00000000..
CalLL COEF

BETAI=AZTALD)

BXI=(SETA(I)#X4)/(3,1%41592654)

ANT=AN(])

WRITE(6,2100) I+BETALANLIBXIsJ

FORMAT(* v, J453E1R.9910)
IF(15,.0~aLFAl®(3FTA(L)®22,0)/360V,01120.120+110

o..oo...ao..onlo"'!.l.uo.o."-.olon¢-c¢0000t--¢¢.o

«AY USING EON, (105) , CALCULATE AND STORE »
LTTWOIMASN) 3 ALSY CALCULATE aND STORE FOURIER NUM-,
<85 {(TTWO(NAW13?) AT THE SaMi TIme, : .

l.o‘ll‘t.l.l.l."'OOOOOCOOQO'"OC..ICIOOQ'..OIU..-IO.

T=0.0
DO 11 N=1.R0
T=T+DELTAT
J=0
J=J+1
IF(15.0-ALFAL® (BETA(J)I#22,0)%T)130+1404155

K=J=-1

GO TO 160
K=J

Y=0.0
DO 12 M=z],K
Atx--AL-Al*{aFTA(M)**d V) a7
Y=Y+AN(9) #EXP (AEX])
CONTINUZ
TTHO(NASN) S(Y+(Q/(A* {20431 (1)+BI(2}+B1(3))))=(1, 0+AT(1)+
BI(2)+81(3)))PAK]/(Q®AG)
TYWO(139N) sALFAL#T/ (X6e¥*%2.0)
CONTINUZ .

cooooo.o-na.Qoot"'oooaloooti'ooll...ntn"ol.ocloo‘

«Call SUBROUTINE TWOTI.BY USING EUN, (35) «CALCULATF,
«AND STORE TONE (NAsN) . THEN3Y USING EQMNe(1) AT .
«THE SAME TIMFE CALCULATE aNJ STURE ABSTLIZ2(NAWN). .

oo.o-o.nopa--.-000'0.-¢-oooa"oottctnno-"ooooc-oc'

CALL TWOTI
IF(NALLT.NC) GO TO 777
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77

44

99

38

97

55
95

1

1

1

!o.oo..t'.-ooo.o"lloocloooc"o.l'uoocootoootcoo..o
«PLOT TONE(NAWN)+ TTWO(NAsN) +AND A3ST12(NASN) VS. .
«TONE(NAL13) W - .

0..o0ocoo.o.n.ooO0Ot.o.oo.oo"o¢0¢ocooco.loooo..n.¢

L=0
LzL+l
IF (L.=Qs8) 50 TO 95
READ(8,46) XLAS
FORMAT (4042)
IF({L.52.1) GO TO 99
IF (L.53.2) GO TN 98
IF(L.5Q+3) GO TO 97
CALL GPICTR(ABST12s13,80 sQY(19293+4952647484+9)920X(13)
»QLABEL {4) 9QXLAB (XL AB))

GO0 TO 53
CALL QPICTR(TTWO+13+80 sQY(1s2+3+4955697+899)90X(13)

sQLAREL (4) +»QXLAB (XL AB) !

GO TO 55
CALL GPICTR(TONE,13+80 sdY(192¢3+s415469758459)9QX(13)

+QLABEL (4) sOXLAB (XLAS))

GO TO 77
CALL EXIT
END
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A.3 NOMENCLATURE OF SUBROUTINE TWOTI

p] ol Description
X A (refer to Fig. 22)
BETA(I) Ai (refer to Fig. 22)

TONE (NA,N) T%s(t) nondimensional temperature
ABST12(NA,N) ATEIs(t) nondimensional temperature difference

TONE(13,N) Fo pnondimensional time corresponding to Tfs(t)

~128-
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sNe Xy

GOoOO0OO 0

110

150
103

112

1101
111
102
104

105

101
108

A.4 SUBROUTINE TWOTI

sasses SUBROUTINE TwOT] st

SUBROUTINE TwOTI

DIMENSION © BN{250) «DELTA{40) +3CTA(250)

COMMON 7Tw0/ QoH,D=LTAQ,TTWO(13+80) +TONE(13+80),4BST12
(13+80)sDELTATsaK14ALFAL

COMMON /ZXXX/ X4 eNA

EIGN({XsX4oBI)=((XOXG)922,-BI##2,) *SIN(X#X4)~COS(XEX4)# (2, 4B
X X4)

COEF (X9 X%sBTsQoH) = ((2+02Q) /7 (H#(2.0+811) )2 ((BI/(X2X4))=2COS(X®
X6)=SIN(X2X4)=BI/[X#X4) )/ (X2X4+SIN(X#X4)*COS (X*X41})

X=0.

BI=H®#X4/AK]

...C..cl.Ot......‘O...........000'0.0000'000...0...

.BY USING A STEP?ING PROCEDURc IN wHICH A SIGN .
«CHANGE DETECTS fHE STEPPING INTERVAL WITHIN .
eWHICH THE ROOT LIES.CALCULATE AND STORE THE ROOTS.
«BETA(I) OF EQN.(29), | .
.o.ctcodotloo.O.".....C;....'...“..0.."...0....!

S=0.

1=0

I=1+1

IF(l.29.1) XINITA=1.010%BI/X4
IF{Le3Ee2) XINITA=IGD7/XQ
X=X+XINITA
<J=0
DELTAL=0.40/X4
DELTA(1)=DELTAl
J=EJ+]
DELTA(J+1)=DELTA(J)}*DZLTAD
XA=EIGN (X9 X&sBI)
X=X+DELTA(YL)
B=EIGN{XsX4«BI)

S=S5+].
R=0.02
IF(S#3=1,0)111+112.112
S=0.
WRITE(641101)}X
FORMAT(* THE CURRENT VALUE OF X = YS1E24.9)

IF{XA®3)101+102+103
IFtXAY1044105,104
‘BETA(I)Y=X
GO TO 100
BETA(I)=Y=-DELTAC(J)
GO TO 100 .
IF(DELTA(J) 7X=1.E=642108,108+107
BETA(I}=X
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OODOOMBO0

0000

107

100

1100

120

155

130

140
160

12

11

GO TO 100
X=X=-DELTA(J)
GO TO 150

..ocabooo-q..-oo"‘..--.oo.o-.o-l-..o..-ioocnooooa-

«BY USING EQN.(3%)s CALCULATZ AND STORE CACH COEF-.
FICIENT BN(I) wWAICH CORRESPUNDS T)D THE EIGENVALUE.,
«BZTA(D) . : .

.‘...........‘..............‘.......‘.....I.‘.....‘

BN(II=COEF (XeX44BI4Q4)

BNI=BNI(T)

BETAI=B=TA(I) '

WRITE(64,1100)1+BETAI+3NIsJ

FORMAT(? 1,110+2E16.9+115) '
IF(lS.D-ALFAl*{BETA(I)?92.01/3600.D)1200120l110

“BY USING EQN. (33) +CALCULATE AND STORE TUNE(NA.N}..

ao.oo.--.o.ooooo.'OO.-....-.C00000000000000100-0000

T=0.0
DO 11 N=1,+80
T=T+DELTAT
J=0
J=Jd+1
IF (15,0-ALFAl#(BETA(J)#e2,0)4T)130+140,155
K=J-1
GO TO 160
K=J
¥Y=0.0
DO 12 M=1+K
AEX==ALFA1®(BETA(M)#8240) T
Y=Y+BN{M) #EXP (AEX)
CONTINUZ
TONE(NA;M}=(Y+Q*(1.0+BIJI(H*(2.0~BIJ))*AKI/(Q*XQ!
ABSTIZ(uAcN)=ABStTTwolNAoN}-TONE{HAoN))

ABST12(13.N)}=TTWO(13.N}

TONE (134N)=ALFAL1#T/(X3%92,0}
CONT INUE

RETURN

END
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A.5 SUBRCUTINE EIGE

swont SUBROUTINE EILF ##wead

...COQCOQO.C.o.l""c...lool"l."..'....CltIOQOOQC

JCALCULATE A THROUGH T USING EONSe (83)3 THEN .
<EVALUATE THE LEFT=HAND SIDE UF EQN, (90) FOR X(1)ae

.q...............!Oa....o.o-.‘oo"g.lo.c'to.ao.o-..
ooty (222 22 22 % 2 ssoadipans

SUBROUTINE EIGF

COMMON Xi3)93ETA(250)!DELTA(GOJ-A(EO)vEIGENi“l;CI3):D(3)v

BI(3)9TETA(4)gAA{3lgA5(31.W(BJqBN(£5011AN{250)oDN(ZSO)-EIGFUN

cll112sX39AKZtAK3QSAF12!SAF139ALF&&.ALFA3!I '

COMMON /TWO0/ 01H10£LTAO.TTHO(13980¥9TONE(139BO)9ABST12

(13,80) 4DELTATsAK1¢ALFAL

COMMON ZXXX/ X4+ NA
AKIX1=AK12X (1)}
AK]ZXI=(AK1/AK2)*X(1)
X(2)=x(1)#SAF12
AK23X2=(AK2/AK3)*X(£)
X{3)=x{1)#SAF13
AK3IX3=AK3I#X{3)

X1i1=x(1)#X1

X12=X(1)#X2

X22=%(2)*X2

X23=X(2)%X3

X33=X(3)*X3

X34=X(3) X4

SX11=5Iv(X11}

Cx11=CO0s5{X11)

§X12=5Iv(X12}

CXxX12=C05(X12)

§X22=514(X22)

cxz22=C05{X22)

SX23=51Iy(X23)

Cx23=C0s{X23)

§X33=SIN(X33)

CX33=C0S(X33)

SX34=SIN(X34)

CX34=C05(X34)

A(l):H*CXll*AKle*SXll

AfZ):H*SXlI-AKle*CXIl

Al3)=CX12

Ala)=5X1?2

A({5)==CX22

A(6)==SX22

Al(7)=—A<12X1#5X12

AlB)=AK12X1#CX12

A(9)=X(2)"5X22

Al(10)==-Xx(2)2CX22
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A(11)=Cx23

Al12)=Sx23

A{13)==CX33

A(l4)=-5X33
A{15)==4K23X2%5X23
A(16)=A<23X2%CX23
A(17)}=X(3)#”SX33
A(18)==x({3)#CX33
A(19)=H»CX3I4=-AK3IX3IoSX 34
A{20)=H#SX34+AK3X3#CX34
EIGEN(I)'A(12)*A(17)44{80)-A(12)*&(18)“A(19)-A(13)*A(16)*A(20)

+A(14)8a{16)%A(15)
EIGEN(2)=A(1)2A(4)®A(I)=A(1)*A(5)*A (8B}~ A{2)2A(3)12A(9)+a(2)2A(5

)RAL(T)

EIGEN{(3)=A(1]1)"A(1T7)#A{20)~ A(Il)*A{IBJ*A(19)-A(13J*A(15)*A¢20)
*A(14)2A(15)2A(19)
EIGEN(4)=-A(1)RA () #A{10)+A(1)#A(6)2A(B)+A(2)PA(I)*Al10)~A(2)
SA(RICALT)

EIGFUN=EIGEN(1)#EIGEN(2) +EIGEN(3) *LIGEN(4)

RETURN

END
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A.6 SUBROUTINE COEF

wsoud SUSROUTINE COtfF #%ses

O..oocoa--.oocu-000.00000o000'-o'toooocoﬂisoosaot.o

-BY USING EONS. (85) THROUGH (89)+(98) THROUGH .
-(100)+ AMD(103)s CALCULATE AND STORE THE COEF- .
<FICIENTS AN(I). .
BSR4t b=

SUBRQUTTINE COEF :

COMMON X {3) 4BETA(250) sDELTA(40) yA(20) sEIGEN(4)+C3),D(3),
BI(3)sTETA(G) «AA(3) sAS(3) oW (3) 48N (250) ¢ aN(250} »DN{250) 4EIGFUN
1X19X20X3QAK21AK3¢SAF1295AF139ALFﬂdoALFA30I .
COMMON /TwWO/ QsHeDELTAD,TTWO(13980) ¢ TONE (13+80) ,48ST12
(13,80) 4DEL TAT+AK1 «ALFA] :

COMMON /XXX/ X4 +NA

X(1)=8ETA{I)

CALL TIGF
c(li=1l. :

Dill==(A{1l)/A(2))*®C(])

CEN1=A(2)2A{(6)#A(9)-A(2)#A(5)#A(10)

C(2)=(EIGEN{4) /DEN1)#C(])
DI2)=(ETIGEN(2) /DENTI#C (L)

DEN2=DENI®# (A(1T7)#A(20)-A{19)®#A(ib))
C(3)=(-SIGEN(4) A (15)#A(20)-EIGEN{)#A{16)#A(20)) /DEN2
D(3)=(EIGEN(4)2A(19)#A(15}+ETGEN(2) #A(19)#A(16))/DENZ
BI(1)S(Xx2=X1)#H/AK] '

BI(2)={X3=X2)*H/AK?
Bl {3)=({x&=X3)#H/AK3

DNUM=0Q/ (Ho (2. +BI (1) +81(2)+BI(3)})
TETA(L)=DNUM# {1 .+BI (1)1 +BI(2)+BI(3))

TETA{2) =ONUM® (] ,+BI(2)+8I1(3))
TETA(3) =ONUM= {1 ,+B1(3))

TETA (%) =DNUM

AA(1)=-TETA(])
AA(2)==TETA(2) = (X2+X1)1 #{TETA(2)=TZTA(3)) /{X3-X2)
AA(I)==TETA(3) =(X3e X1 *{TETA(3)-TZIA(4))/(X&=X3)
AB(I)=(TETA(LY=TETA(2) )/ (X2=X])
AB(2)=(TETA(2)=TETA(3) 1/ {X3~X2})
AB(3)=(TETA(3}-TETA(4))/ (X4~X3}
W(l)=SQT{AK1/ALFA1)

W(2)=SOIT(AK2/ALFA2)

W(3)=SQT (AK3/ALFA3) .
BN1=C(IJ*D(1)*(COSIZ.”X(1)411)-C05(2.*X(1)ﬁx21)/(2.*!(1))

.-(D(l)“*Z-C(l)**Z)*(SIN(Z.*X(1}*XZ)-SIN(2.°X(1)*XII)/(a.*X{l))

+(C{l)#u2eD1)#n2) 2 (XE=X1} /2.
BN2=C(2)*D(2)*(COS(Z.“X(ZI*XZl-COS(Z.*X{2}*X3))/(2.*!(2))
-(D[?)**E-C(2)4*21*(SIN(Z.*K(Z)*XJJ-SIN(Z.*X(Z)*XE)J/(h.*X(Z})
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W MY v

s (CL2)#82+D (2122212 (X3-X2) /2

BN3=C(3) %D () # (COS (2. *A(3)#X3)=COS(2,9X(319X4))/(2.8X{3))
-(D(31**2—C(3)*°214<S£N(2.“X(3)*x4)-SINIZ.*X{3)*X3))/(4.°xt3))
s {(C13)na2+D () #u2) 2 (X4=X3) /2,
DBNN:(N(I)*“E)“RN1+{N(2)**2}*BN2¢(W(3)“92)*BN3
null:AAtl)*(Ctl)*(er(xtI)nxz)—SIulxtl)»xl)3/tx¢1))
«0{1)}#(COSIX{1)eX2)=CIS{X{1)aX]))/7{X{1)))

ANI2=AB (1) #(C(1)#(( X2¥SIN{(X{1)®X2) =X1RSIN(X{1)=X1))/(X{1)]}

s (COS(X{1)®X21=COS(X(1}#XK1))/Z(X(1)#82))«D (1)@ ((~X22COS(X(1)"
X2)+X1#00S(X(1)#X1) /(X (1)) + (SIN(X (1) #X2)=SINIX L) #X1))/(X(])®
22)))

ANT=(AN]11+AN12)®W (1)

BN{1)=(ANY) /7 (DBNN)

ANZ1=AA(2) 2 (C{2) 2 (SINIX(2)#Xx3)=STINIX(Z)ex2)) /(X(2))

=021 *(COSIX{2)#X3)=CIS{X(2)#X2))1/{X(2})))
ANZZ:AB:Z)*(C(Z)*(t+xJ*SIN(x(2wa31-xz*SIN(X(aJ*x21)/tx(zam

s (COS{X(2)8X3)=COS(X(2)#X2))/(X(2)¥#2))+D(2)*((~X32COS(X(2)*
x3)+x2*cos¢xt2}»321)/(XIZ))+(SIN£X£2)*K31-SIN£X(2}ﬂx2>1/tx(2}*
#2)))

ANZ=(ANZ2I+ANZZ2) B#W{2)

BN(2)={AN2) 7 (DBNN)
ANI1=AA(3)2{(C(3)={SINIX(3)=X6)=SIN(X(3)&X3)}/{X(3})

«D (3 LCOSIX{3)#X6)=CISIX{3)#X3})/7{X(3)))

ANIZ2=AB (3) 2 (C(3)#{ (+X4¥SIN(X(3)#Xt4) =XIRSIN(X{3)#X3))/(X(3))
*{COS(X(3)#X6)=COS(X(3)#X3)}/(X(3)##2))sD(3)*((=X4#COS(X(3)*
X%)+X3400S(X{3}#X3) )/(X{B))+(SIN(MBI*M)-SIN&X(BJ*x:i)1/{X(31¢
#2)))

AN3= (AN31+AN32) *W(3)

BN(3)=(AN3}/ (DBMN)

ANCI)=W(1)#BN(1)+W{2} *BN(2) +W(3)#3N(3)

DN(I)=D(1)

RETURN

END
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APPENDIX 2

DIMENSIONAL ANALYSIS

From Sections 4.2 and 4.3 it can be noted that TIs’ TIIs’ and AT
depend upon the material and geometric properties of the laminate and the
defect, and the thermal loading and environmental conditioms. This may

be expressed functionally as

TIS = fl(klsal,g ,h,q", t,Tm) . (2_1)
TIIS \. fz(kl’a]_’kz ’az sl ’21:2‘2 ,hsq",t,'rm) (2—2)
AT -Ifa(kl,dl,kz,uz,g.Ll,zz,h’qu't)l (2-3)

where kl-k3 and al-a3 because the same material is above and below the
flaw in the laminate. Because of the large number of parameters in eqns.
(2-1), (2-2), and (2-3), it is very difficult to study the effect of each

parameter on T , and AT. Thus, the design of the "optimal" testing

Is? TIIs
condition and the choice of the "best" liquid crystal system in relation
to the parameters of the laminate, the flaw, and the environment are very
complicated and, in fact, for many cases do not explicitly exist.

In order to address this difficulty, dimensional analysis is used
to forﬁ a complete set of dimensionless groups all of which except one
are independent. Fortunately in this case, the functional relation be-
tween the dependent dimensionless group and the independent groups is

known. By putting the differential equations and the boundary conditionc

into a dimensionless form either by inspection or by a standard method [33],

=135~



a complete set of dimemnsionless groups cam be obtained.
For the tanpefature response in Region I, a complete set of dimen-

sionless groups is obtained by using eqos. (9) through (11) to give

Fo = al:xnz (2-4)
Bi = hszl (2-5)
%, = k (Ty - T.)/q"2 (2-6)
where
st - fl(Bi,Fo) . (2-7)

The dimensionless group alt/!lz is known as the Fourier number, Fo, and
the group hl/kl is known as the Biot mumber, Bi.
For temperature response in Region II, a compléte set of dimensionless

groups is also obtained by using eqns. (45) through {49) as follows:

Fo = alt/zz (2-8)

Bi = hefk, (2-9)

031 = Ky (T1pe ~ To? /a0 (2-10)

K = k,/k; (2-11)

RA = a,/a; (2-12)

Rl = 3.1/2, (2-13)

R2 = L,/% (2-14)

where

e%. = £,(BL,Fo,RK,RA,R1,R2) . (2-15)
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The dependent dimensionless group 1s defined as

: ’
ag* = |ox_ - ok, | -lf3(Bi,Fo,RK,RA,Rl,R2)l

which reduces to

AD% = klﬁ'l'!q"g, .

The dimensionless temperatures are §* , 8%  , and Ad% |
Is 1is

-137-
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APPENDIX 3

DATA CURVES

In this appendix, various sets of data curves are presented. These
curves should assist inlthe design of thermal testing conditions and in
the choice of a liquid crystal system for most practilcal situations.
Specific sets of data are plotted for all combinations of the following
values for Bi and RK:

81 = 0.03, 0.08, 0.2, 0.5
RR = 0.08, 0.2, 0.5

BRA = 110
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PART II

THERMAL NONDESTRUCTIVE TESTING OF FIBERGLASS
LAMINATE CONTAINING SIMULATED FLAWS ORTHOGONAL

TO SURFACE USING LIQUID CRYSTALS

Samson 5. Lee

James H. Williams, Jr.



ABSTRACT

Thermal nondestructive testing relies on the perturbation of heat flow
by the presence of flaws in a structure. The resultant surface tem-
perature anomaly may be revealed by a temperature-indicating cholesteric
liquid crystal coating applied to the surface of the structure.

A fiberglass laminate with simulated flaws orthogonal to the surface
was thermally tested using liquid crystals. Quartz-iodine lamps were
used as radiant heat sources. Thermographs were obtained from the test
and the flaws were detected at various degrees of "effectiveness'.

The lateral heat flow above the flaw was found to be important for the

range of flaw sizes tested.

Various plots presenting the sensitivity and effectiveness of the
liquid crystal thermal nondestructive testing system are presented.

¥
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INTRODUCTION

Thermal nondestruétive testing is a technique for detecting variations
in the thermal properties of a test structure and analyzing the resulting
thermal informarion to predict the presence and nature of defects in the
gtructure. If an external heat flux is suddenly Imposed on a structure
containing a defect, the defect having different thermal properties com-
pared to those of the structure, will alter the heat flow pattern, If
the heat flow 1s altered sufficilently, a temperature distribution pro-
file.anomaly will appear on the surface of the structure. In addition to
indicating the presence of the flaw, the details of such a temperature
anomaly may reveal some of the quantitative features of the flaw.

One inexpensive nondestructive evaluation technique is thermal test-
ing with cholesteric liquid crystals which are applied to the surface of
the test structure to reveal surface temperature distribution profiles.
Liquid crystals are grease-like chemical compounds that appear to change
color according to temperature [1].

Industrial investigations into the feasibility of using liquid
crystals in thermal testing can be dated back more than 135 years [2].
Major advantages of thermal nondestructive testing with 1iquid crystals
are its low cost and ease of application. The heat source can be a
simple photo lamp and the cost of liquid crystals has been estimated to
be approximately 51.00 per square meter [3]. Because an entire surface
can be tested and its surface temperature distribution observed in vivid

colors by the unaided eye in real time, the test is simple and requires



little personnel training to detect the presence of flaws.

Recent work by Mansouri et al. [4] established analytical bases
for thermal nondestructive testing., If the lateral dimensions of an
inclusion defect are much larger than the thickness of the test panel,

a one-dimensional heat transfer analysis by Williams et al. [5] can pre-
dict the surface temperature distribution generated on the structure
during thermal testing. Experimental results support this analysis [6].
The analysis 1s useful for blanning thermal nondestructive tests and for
the quantitative interpretation of the test results.

However, the heat transfer problem is more difficult if the lateral
dimensions of the defect are not large compared to the thickness of the
test structure., In this case, lateral heat flow cannot be ignored so
the heat transfer solution requires numerical computations. This
category of defects can be important and includes cracks orthogenal to
the surface of the structure. This report presents the results of an
experimental investigation of the effectiveness of liquid crystals in

the thermal nondestructive testing of #imulated cracks in fiberglass

laminares.



EXPERIMENTS

A 23cm x 23cm ‘pénel of multiple-ply symmetric fiberglass composite
was fabricated by laminating 50 prepreg sheets of unidirectional 3M
Type 1002 fiberglass-in an alternating fashion of 0°, *45° and 90° to a
total thickness of 1.27cm. The fiberglass panel was manufactured in a
hot press according to 3M instructions. Cracks of various.sizes were
simulated by diamond-saw cuts of various widths and depths. A schematic
of the test panel is shown in Fig. 1 and the detailed dimensions are
shpwﬁ in Fig. 2. As illustrated in Fig. 3, a typical flaw in the fiber-
glass panel of thickness £ is a cut characterized by 2 width w and a
depth d from the surface of the panel. The liquid crystals blend and the
thermal teéting procedure were similar to that used by Williams et al [6].

_ The liquid crystals blend was supplied in aerosol cans by Liquid

Crystal Biosystem, Inc. The volume of the contents which was liquid
crystals was 10%, the remainder of the fluid being a carrier. The blend
reflected the entire color spectrum from red to violet with a color
transition temperature of 32,7°C and a color-play range of 3,7°C. Fig. 4
shows the supplier-provided calibration curve for this liquid crystals
_ blend [7]. The relative intensity of reflected .1ight and the corre-
sponding colors are plotted versus temperature for various wavelengths.
Also, the ranges of temperatures which correspond to the various colors
are listed.

The fiberglass test panel as produced was translucent. Thus, the

thermographic images'ﬁere enhanced by blackening the test surface prior



to the application of the liquid crystals. The surface of the laminate
was cleaned and then painted with a can of Krylen ultra-flat black

gspray paint. The black paint was left to dry completely before applying
the 11quid crystals. Special care was taken to ensure the proper appli-
cation of the liquid crystals as a nonuniform coating may generate an
irregular color pattern even in the absence of a subsurface anomaly.

The coating thickness was judged by eye and was found to be adequate if
the entire surface of the panel appeared uniformly glossy when viewed
obliquely., The best results were obtained when two or three coats of
sprh?, having a total thickness of about 0,02mm, were applied uniformly
over the entire surface, The surface was not allowed to dry between
successive coats. Because of the degradation of the liquid crystals in
the alr, the laminate was always tested within a few hours of the
application of the liquid crystals,

The test panel was mounted as shown in Fig. 5, which is a schematic
of the entire test system. It was heated suddenly by a radiant heating
unit consisting of photographic lights. Two 1,000watt quartz-iodine
lamps with high-efficiency reflectors (Smith~Victor Model 750/1,000watt)
were placed approximately lm in front of the test panel. The units
. provided broad flat illumination capable of uniform heating of the
entire panel surface. The lamps were geometrically arranged to irradiate
the panel uniformly with the light beams incident on the panel at
approximately 30°.

The photographic equipment was comprised of a 35mm single-lens

reflex Nikon FM chrome camera body with a 135mm £/2.8 Auto Promaster



lens. The camera was located approximately 1.5m in front of the test
panel, with the axis of the camera perpendicular to the face of the test
panel. No optical filter was used for either lighting or photography.
The same quartz-iodine lamps were employed for both heating and photo-
graphy. Kodacolor II C-135 (ASA 100) color film was used.

After establishing ﬁniform irradiation from the lamps and recording
the room temperature, the test laminate was mounted on the test stand.
The quartz-iodine lamps were turned on and a stopwatch was started. The
panel was observed as the thermographic images developed as the surface
température passed through the color-play range of the liquid crystals
blend. At various intervals, photographs of the color images represent-
ing the surface temperature distribution of the laminate were taken, with
the camera aperture and exposure time set according to the built-in
light meter in the camera. The time on the stopwatch corresponding to
each photograph was also recorded. Subsequent tests were conducted
after the lamps were turned off and the panel cooled to the ambient
temperature, '

Above its transition temperature, the liquid crystals appeared wet,
sometimes causing excessive glare. Most of this glare was eliminated
by adjusting the position of the lamps without affecting the uniformity
of the panel irradiaﬁion. While the remaining glare had negligible
effect on the visual interpretation of the thermic patterns, this glare
appears as whitish specks in the thermographs. (This should be kept

in mind when viewing the thermographs in the next section.)



RESULTS AND DISCUSSIONS

The thermal testing of the fiberglass panel containing the flaws
orthogonal to the surface was conducted at a room temperature Te of
21,5°C, A typical sequence of thermographs of the surface temperature
distributions is shown in Figs., 6 to 9 obtained at 2 min - 40 sec,

3 min - 35 sec, 5 min - 23 sec, and 7 min - 17 sec, from the initiation
of the test, respectively. (The lower left-hand corner of the thermo-
graph corresponds to the lower left-hand corner of the test panel as

shown in Fig. 1.) All the flaws except those with a depth d of

0.76cm and 1.02cn can be detected to various degrees of "effectiveness"

other than '"unacceptable'" as defined in [6].

Some useful nondimensional parameters were defined in [5] as

follows:
. k(TIS - Tw) L
TIs T ¢ L
- k(Tppg = Tw) )
I1Is q"L
Bi = 1—2 3)
and
Fo = = )
2



where Bi is the Biot number, Fo is the Fourier number, TIS(°K) is the
surface temperature over the unflawed region, TIIS(°K) is the surface
temperature over the flawed region, t(sec) is time, q" is the externally
applied net uniform heat flux, h is the convection heat transfer
coefficient and is taken to be 8.57 w/m2 ®X for natural convection, k
is the thermal conductivity of fiberglass and is taken to be 0.338
w/m°K, and o is the thermal diffusivity of fiberglass and is taken to
be 2.14 x 10_7 mzlsec.

The surface temperature over the unflawed region of a uniform
panéi has been computed for various values of Bi [5]. According to
eqn. (3), a fiberglass panel of 1,27cm thickness has a Bi of 0.32.
The analyt;cally predicted surface temperature over such an unflawed
panel is represented by the line in Fig. 10. Considering reglions far
from any flaw as the unflawed regions of the test panel, the measured
surface temperature should correspond to the curve in Fig. 10. By
matching the measured nondimensional temperature T?S with the analytically
predicted curve, an estimate of the average value of the applied heat flux
can be obtained. TFrom three temperature data points, the value of q'" is
calculated to be about 940w/m2, This average value of the heat flux
. places the three temperature data points close to the theoretical curve
as shown in Fig. 10.

After establishing the magnitude of the externally applied net heat
flux, the experimental data for surface temperatures above the flaws can
be presented in the nondimensional form of T¥IS' Fig. 11 shows the non-

dimensional surface temperature for flaws of the same depth d but of



various widths w, Fig. 12 shows the nondimensional surface temperature
for flaws of the same width w but of various depths d. Also, shown in
Figs. 11 and 12 is the anmalytical curve for the surface temperature

T;S over the unflawed region. The temperatures corresponding to flaws
with a narrower width and/or a deeper depth are generally closer to the
curve, thus indicating a smaller temperature difference (T§IS - T;S)
and, therefore, less system effectiveness in the detection of these
flaws. Note that the flaws of depth 0.76cm and 1.02cm cannot be
dete;ted with this test system configuration.

' To observe the importance of lateral heat flow above the flaws,
the nondimensional surface temperature over the flaw is recomputed
based on a characteristic length of d in the parameters T;IS and Fo.
The data are shown in Fig. 13 along with theoretical curves for tem-
peratures over unflawed regions of panels of thicknesses d (B1 = 0.064)
and 2(B1i = 0.32). If no lateral heat flow occurxed, the material
above the flaw of depth d would behave like an unflawed uniform panel
of thickness d and the data points would stay close to the curve of
Bi = 0.064. As shown in Fig. 13, the data points instead stay close
to the curve of BL = 0.32. Thus, lateral heat flow above the flaws
appears to'be important. |

An intefesting observation is obtained by presenting the non-
dimensional data based on a characteristic length d as shown in
Figs. 14 and 15. (That is, the £'s in eqns. (2) and (4) are replaced

by d for Figs. 14 and 15.) The results from each flaw tend to

exhibit a linear behavior when the Fourier number is plotted om a



logarithmic scale. Whereas the data points tend to bunch together in
Fig. 14, the data points in Fig. 15 clearly show this behavior.

The maximum number of color differences in the color spectrum of
the 1iquid crystals over flawed and unflawed regions can be obtained
directly from the individual thermographs. The significance of the
maximum number of color differences is associated with the definitions
of the degrees of effectiveness of liquid crystal thermal testing [6].
The "effectiveness" of a test with maximum numbers of color differences
of 0 to 1, 1 to 2, 2 to 6, and above 6 is called "unacceptable”,
"liﬁiting", "poderately acceptable”, and '"acceptable', respectively.
Fig, 16 shows the maximum number of color differences for flaws of the
same depth {(d = 0.25¢m) versus the width of the flaw plotted on a
logarithmic scale. A straight line fits the data well. Similarly,
Fig. 17 shows the maximum number of color differences for flaws
of the same width (w = 0.25cm) versus the depth of the flaw
plotted on a logarithmic scale. A straight line of negative slope
fits these data well. TFlaws with a width of 0.25cm and a depth
greater than approximately 0.8cm fall on the vertical axis of the
graph, In Fig, 18, the data from Figs. 16 and 17 are plotted together
" versus the ;idth to depth ratios of the flaws on a logarithmic scale.
A single str#ight line fits both sets of data. Figs. 16, 17 and 18
describé the sensitivity of the test system in detecting flaws
orthogonal to the surface of the structure. The "effectiveness”

classifications are indicated also,

-10-



Another way of presenting the semsitivity and "effectiveness"
classifications of the test system 1s to show the same data in a
contour plot as shown in Fig. 19. The vertical axis and the horizontal
axls represent the ratios of width and depth of the flaw to the thick-
ness of the test panel, respectively. The maximum number of color
differences is labelled inside the circles along the dotted-line con-
tours. These contours represent loci of constant maximum number of
color differences between flawed and unflawed regions. Thus, the
contours repreéent the sensitivity or effectiveness of the test

sysfem.

=11~



CONCLUSTIONS

Experimental investigations of thermal nondestructive testing
using liquid crystals on a fiberglass panel containing simulated flaws
orthogonal to the surface as shown in Figs. 1 and 2 have been performed.
Some sequential thermographs are presented in Figs. 6 through 9. For a
32.7°C - 36.4°C liquid crystals color-play range and an external heat flux

of 940w/m2, various degrees of "effectiveness" of the thermal test in

detecting the flaws as defined in [6] have been observed at a room
température of 21.5°C. The heat flux was actually determined in-
directly through back calculations by requiring regions far from the
flaws to have a surface temperature corresponding to the temperature
calculated in [5] for an unflawed panel of the same thickness.

As shown in Figs. 11 and 12, relatively narrow flaws and rela-
tively deep flaws were found to result in a surface temperature close
to that over the unflawed region making flaw detection more difficult.
Further, it was concluded that lateral heat flow above a flaw of the size
range considered can be important. The Fourler number and the non-

" dimensional surface temperature in the flawed region, 1f both were
_computed on the basis of ; characteristic length of d, were found to
correlate as shown in Figs. 14 and 15.

The "effectiveness" of thermal nondestructive testing using
1iquid crystals depends on the maximum number of color differences
between the flawed and unflawed regions. The maximum number of color

differences was found to correlate with the width, the depth, and

-12-



the width to depth ratios of the flaws as shown in Figs, 16, 17 and 18,
respectively, The effectiveness of the liquid crystal thermal non-
destructive test system was further demonstrated in a contour plot of
constant maximum number of color difference between the flawed and un-~
flawed regions as shown in Fig. 19. Figs. 16 to 19 give directly the
sensitivity and effectiveness of this particular test system consisting
of liquid crystals and the external heat flux in detecting flaws
orthogonal to the surface of the fiberglass test panel. So, the fiber-
glass panel caﬁ be considered as a simple "calibration block" that can
be ﬁsed to generate effectiveness plots for a range of liquid crystals

thermal nondestructive testing systems.
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FIGURE CAPTIONS

Schematic of fiberglass test panel containing simulated flaws
orthogonal to the surface, (Edzeviews X and Y are shown with
dimensions in Fig. 2.)

Edgeviews of fiberglass test panel.

Schematic of a typical flaw having a width w and a depth d
in the fiberglass test panel of thickness &.

Calibration of liquid crystals system with color-play range of
3.7°C from 32.7°C to 36.4°C.

Schematic of experimental system for thermal nondestructive
testing of fiberglass panels using liquid crystals.

Thermograph of fiberglass test panel obtained at 2 min - 40 sec
from iniriation of test.

Thermograph of fiberglass test panel obtained at 3 min - 35 sec
from initiation of test.
Thermograph of fiberglass test panel obtained at 5 min ~ 23 sec
from initiation of test, )

- 17 sec

Thermograph of fiberglass test panel obtained at 7 min
from initiation of test.

Theoretical nondimensional surface temperature in unflawed region
and three experimental data points which are based on q" = 940w/m2,

Experimental nondimensional surface temperature T;IS above flaws

of same depth d. (Theoretical nondimensional surface temperature

T;S in the unflawed region is shown for comparison.)

Experimental nondimensional surface temperature TIIS above flaws
of same width w. (Theoretical nondimensional surface temperature

T;S in the unflawed region is shown for comparison.)

Experimental nondimensional surface temperature T;IS above flaws

of same depth d. (Theoretical nondimensional surface temperature

T;s in the unflawed region for & = 0.25cm (Bi = 0.064) and

L = 1.27cm (Bi = 0.32) are shown also.)
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Fig. 14 Experimental nondimensional surface temperature T;IS above flaws

of same depth d, where T;IS and Fo are based on length d.

Fig. 15 Experimental nondimensional surface temperature T;IS above flaws

of same width w, where T;IS and Fo are based on length d.

Fig. 16 Experimental maximum number of color differences between flawed
and unflawed regions for flaws of same depth d.

Fig. 17 Experimental maximum number of color differences between flawed
and unflawed regions for flaws of same width w.

Fig. 18 Experimental maximum number of color differences between flawed
and unflawed regions for flaws of various width to depth ratios.

Fig. 19 Contours of constant maximum number of color differences between

flawed and unflawed regions for the thermal testing system in de-
tecting flaws orthogonal to surface of fiberglass panel.
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Surface coated with
liquid crystals, heated
and observedz

1 1
d
'
./
= W
y

Fig. 3 Schematic of a typical flaw having a width w and a depth d
in the fiberglass test panel of thickness Z£.
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Fig. 4 Calibration of liquid crystals system with color-play range
of 3.7°C from 32.7°C to 36.4°C.
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1.5m -

Plan View

Fig. 5 Schematic of experimental system for thermal

nondestructive testing of fiberglass panels
using liquid crystals.
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Fig. 6 Thermograph of fiberglass test panel obtained at
2 min - 40 sec from initiation of test.
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5 cm

Fig. 7 Thermograph of fiberglass test panel obtained at
7 min - 35 sec from initiation of test.
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aph of fiberglass test panel obtained at

Fig. B Thermogr
23 sec from initiation of test.

5 min -
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S cm

Fig. ¢ Thermograph of fiberglass test panel obtained at

7 min - 17 sec from initiation of test.
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Maximum Number of Color Differences Between
Flawed and Unflawed Regions

Fig. 16 Experimental maximum number of color differences between flawed
and unflawed regions for flaws of same depth d.
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Maximum Number of Color Differences Between

Flawed and Unflawed Regions

Fig. 17 Experimental maximum number of color differences between
flawed and unflawed regions for flaws of same width w.
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Fig. 18
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Maximum Number of Color Differences Between
Fiawed and Unflawed Regions

Experimental maximun number of color differences between flawed
and unflawed regions for flaws of various width to depth ratios.
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Ratio of Depth of Flaw to Thickness of Test Panel, d/2

Fig. 19

Contours of constant maximum number of color differences
between flawed and unflawed regions for the thermal testing
system in detecting flaws orthogonal to surface of fiber-
glass panel.
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